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ABSTRACT 

Haskap (Lonicera caerulea L.) berry is a rich dietary source of anthocyanins with anti-

inflammatory properties. This study aimed at investigating the supplementation of haskap 

anthocyanin-rich fraction alone or with probiotics on the severity reduction of dextran 

sulfate sodium (DSS)-induced acute colitis in Balb/c mice. Mice were divided into seven 

dietary groups (n=5) to receive anthocyanin (free or encapsulated) with or without 

probiotics. As observed by clinical data, anthocyanin + probiotics supplementation 

significantly reduced the severity of colitis. The supplementary diets suppressed the DSS-

induced elevation of serum inflammatory (Interleukin (IL)-6, and Tumor necrosis factor -

α) and apoptosis markers (B cell lymphoma-2, Bcl-2-associated X protein) in mice colon 

tissues. The free anthocyanin + probiotics significantly reduced the serum IL-6 levels. 

Dietary supplementation of haskap berry anthocyanin + probiotics protects against DSS-

induced colitis possibly through attenuating the epithelial inflammation and can be utilized 

in developing health-promoting dietary supplements and nutraceuticals. 

Key words: inflammation, colitis, haskap anthocyanin, probiotics, dextran sulfate sodium 
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CHAPTER 01: INTRODUCTION 

Inflammation can be identified as the body’s protective mechanism against 

bacteria, viruses, toxins and infections which ultimately promotes tissue repair and 

recovery (Kotas & Medzhitov, 2015). Inflammation is divided into two main categories as 

acute and chronic inflammation. The acute inflammation is usually of short duration, 

lasting from minutes to days depending on the severity of the injury. If the body 

experiences prolong acute inflammation without resolution, it leads to chronic 

inflammation (H. Zhao et al., 2021). Worldwide, three of five people die due to chronic 

inflammatory diseases such as stroke, chronic respiratory diseases, heart disorders, cancer, 

obesity, and diabetes (Tsai et al., 2019). Inflammation of the mucosal lining of the colon 

or colitis results from the interaction between genetic and environmental factors which 

influence the immune responses (Seyedian et al., 2019). Ischemic colitis is an acute form 

of inflammation in the colon that results in inadequate blood flow to the colonic tissues. 

Infectious colitis that cause by bacterial, viral, or parasitic pathogens and colitis arises by 

prolonged and/or misuse of high local concentrations of drugs such as non-steroidal anti-

inflammatory drugs, are the major types of colonic inflammations. Also, it may occur 

secondary to immune deficiency disorders or secondary to exposure to radiation (Kelly, 

2003). Colitis-associated colon cancer (CAC) is the colon cancer subtype that is associated 

with inflammatory bowel disease (IBD), is difficult to treat, and has high mortality. More 

than 20% of IBD patients develop CAC within 30 years of disease onset, and >50% of 

these will die from CAC (Terzić et al., 2010). Therefore, attenuation of colitis can be 

figured as one of the essential and possible processes to reduce the prevalence of CAC.  
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There is a strong link between diet and inflammation. The westernized diets rich in 

red meat, processed foods, refined sugar, and saturated fat tend to promote the “imbalance” 

in the gut microbial community i.e., gut microbial dysbiosis, and impaired intestinal 

permeability leading to the onset and progression of inflammation. On the other hand, diets 

rich in fruits and vegetables, whole grains and sea foods are associated with protecting the 

natural gut microbial diversity and preserving intestinal integrity (Keshteli et al., 2019). 

Based on the scientific evidence gathered, the consumption of colorful fruits and vegetables 

rich in plant flavonoids called anthocyanins has been intensively studied for its anti-cancer 

and anti-inflammatory properties. There are six main anthocyanins found in nature; 

however, cyanidin-3-O-glucoside (C3G) exhibits significantly strong antioxidant, anti-

inflammatory and anti-cancer properties. The metabolism of C3G in the gastrointestinal 

tract could produce bioactive phenolic metabolites, such as protocatechuic acid (PCA), 

phloroglucinaldehyde (PGA), vanillic acid, and ferulic acid, which enhance C3G 

bioavailability and contribute to both the mucosal barrier and microbiota (Tan et al., 2019). 

It is noteworthy that anthocyanins improve the intestinal tight junctions (TJ) barrier 

integrity by promoting the expression of crucial barrier-forming TJ proteins such as 

occludin, claudin-5 and, zonnula occuldin-1 (Nunes et al., 2019). Besides, anthocyanin has 

the potential in down-regulating the major pro-inflammatory cytokines such as tumor 

necrosis factor-alpha (TNF-α), interleukin (IL)-6 (IL-6), IL-1beta (IL-1β) and interferon-

gamma (IFN-γ) potentially by suppressing the activation of nuclear factor-kappa B (NF-

κB) and extracellular signal-regulated kinase (ERK) (Ferrari et al., 2016). Anthocyanin is 

readily available in fruits such as berries. However, emerging evidence suggests that 

haskap berry (Lonicera caerulea), which is fairly new to Canada, outstand all the other 
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types of berries for its significantly higher content of anthocyanins primarily consist of 

C3G, cyanidin-3,5-O-diglucoside, and cyanidin-3-O-rutinoside (Celli et al., 2014).  

Human gut bacteria can use C3G as substrates to form fermentable metabolites 

which can exert bioactive functions similar to parent anthocyanins thus, gut microbiota 

plays an important role in the metabolism of anthocyanins (Keppler & Humpf, 2005). The 

probiotics such as Lactobacillus and Bifidobacterium have the maximum ability to produce 

the β-glucosidase so that anthocyanins can be transformed to PCA (Braga et al., 2018). On 

the other hand, anthocyanins and their metabolites are capable of modulating the growth 

of gut microbiota and improving the relative abundance of probiotics such as 

Bifidobacterium and Akkermansia, which are believed to be closely related to anti-

inflammatory effects (Morais et al., 2016). Therefore, combining anthocyanin with 

probiotics might be one of the best solutions to attenuate colonic inflammation. However, 

due to the low bioavailability of anthocyanin and poor stability of probiotics in the 

gastrointestinal tract, the pronounced health benefits of these compounds are minimized. 

To overcome that, anthocyanins can be microencapsulated. Microencapsulated 

anthocyanin particles are in the micrometer range and are resistant to harsh gastric 

conditions; can be directed to the colon where it is then subjected to biotransformation by 

gut microbiota. Among many dehydration technologies, freeze drying produces 

microencapsulated bioactive compounds with the least process-induced damage with 

higher physicochemical activity (Wilkowska et al., 2016). Hence, the first phase of this 

study is focused on microencapsulation of haskap berry anthocyanin-rich fraction and 

during the second phase, the anti-inflammatory potential of haskap berry anthocyanin-rich 
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fraction with/without probiotics is evaluated using experimental animal model on which 

the colitis was induced by the chemical dextran sulfate sodium (DSS).   

1.1 Hypothesis 

A combination of haskap berry anthocyanin-rich fraction (free or microencapsulated 

forms) and probiotics are potent in significant attenuation of the severity of DSS-induced 

acute colitis in vivo.  

1.2 Research objectives. 

 

Overall objective 

To produce microencapsulated haskap berry anthocyanin-rich fraction using maltodextrin 

and inulin and to evaluate the anti-inflammatory potential of free and microencapsulated 

forms of anthocyanin along with probiotics in DSS-induced acute colitis in male Balb/c 

mice. 

Specific objectives 

I. To optimize the use of maltodextrin and inulin in microencapsulation of haskap 

berry anthocyanin-rich fraction. 

II. To characterize the physical and chemical properties of anthocyanin-rich 

microparticles. 

III. To investigate the reduction of DSS-induced colitis severity in male Balb/c mice 

by a combination of microencapsulated haskap berry anthocyanin-rich fraction 

and probiotics in comparison to control and free anthocyanin and probiotics alone. 
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CHAPTER 02: LITERATURE REVIEW 

2.1 The inflammatory response 

Inflammation is the body’s response to a wide variety of physiological and 

pathological processes which includes events such as infection, exposure to toxins, and 

tissue injury. Inflammation can be defined as the reaction of vascularized living tissue to 

local injury (J.J Li & Zreiqat, 2019). However, there is a complex regulatory process 

underlying the classic inflammatory responses which consist of redness, swelling, healing, 

and pain (L. Silva & Silva, 2015). These processes are responsible for inducing 

inflammation and triggering leukocytes (neutrophils, monocytes, and eosinophils) and 

plasma protein recruitment to the site of tissue damage (Medzhitov, 2008). When the body 

is incapable of controlling the inflammation, it can lead to excessive tissue injury and can 

cause physiological decompensation, organ dysfunction and even death (Sherwood & 

Toliver-Kinsky, 2004). Inflammatory responses result in repairing the damaged tissue and 

inducing cell proliferation consistent with the changes that occur in cellular and immune 

responses (N. Singh et al., 2019).  

The inflammatory pathway consists of four major contributors: inducers, sensors, 

mediators, and effectors (Figure 1). Stimuli for an inflammatory response such as 

infections, tissue necrosis, trauma, physical and chemical agents, immune reactions such 

as autoimmune disorders, and, foreign bodies are examples of inducers (Hannoodee & 

Nasuruddin, 2020). Sensors such as toll-like receptors (TLRs) are specialized molecules 

present on epithelial cells and capable of recognizing inflammatory stimuli.  The TLRs are 

membrane-spinning proteins and are present on the surface of macrophages and dendritic 

cells. They possess the capability in recognizing the pathogen-associated molecular 
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patterns (PAMPs) and danger-associated molecular patterns (DAMPs) on which the former 

represents the pathogen-specific carbohydrate, lipoproteins or nucleic acids and the latter 

represents the host-specific molecules released upon cellular stress or tissue injury 

(Brennan & Gilmore, 2018; L. Chen et al., 2018). Once the stimuli are recognized by 

sensors then they trigger the production of mediators such as inflammasomes, and 

arachidonic acid mediators (Varela et al., 2018).  

Inducers  

Exogenous 

Endogenous 

Microbial 

Non-

Microbial 

Cell derived 

Tissue 

derived 
Plasma 

derived 
ECM-derived 

Pathogen-associated molecular patterns  

Virulence factors  

Allergens, irritants, foreign 

bodies, toxic compounds  

Signals released from stressed cells 

Endogenous crystals  

Products of ECM breakdowns 

Signals released from malfunctioning 

or dead cells and from damaged tissues 

Mediators  

Vasoactive amines: Histamine, serotonin 

Vasoactive peptides: Store active form in secondary 

vehicles, produce from inactive precursor in ESF 

Fragments of compliment components, C3a, C4a, C5a 

Lipid mediators: Eicosanoids, platelet-activating factors 

Cytokines: TNF-α, IL-6, IL-1 

Chemokines: CCL2, CCL5 

Proteolytic enzymes: elastin, cathepsins, MMPs 
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Figure 1: The major classes of inflammatory contributors. A generic inflammatory 

pathway consists of several types of inducers and mediators. a) Inducers of inflammation 

can be classified as exogenous and endogenous, and these two groups are further classifieds 

as shown. b) There are seven types of inflammatory mediators that have been identified. 

ECM, extracellular matrix; TNF-α, tumor necrosis factor; IL-6, interleukin 6; IL-1, 

interleukin 1; CCL2, chemokine ligand 2; CCL5, chemokine ligand 5; MMPs, matrix 

metalloproteinases (Medzhitov, 2008).  

Being endogenous chemicals, mediators act as either anti-inflammatory or pro-

inflammatory facilitators. The inflammasomes are multiprotein cytoplasmic complexes, 

and they are activated by the innate immune system. Inflammasomes regulate the activation 

of caspase-1 and interleukin (IL)-1 where the latter is a mediator of leukocyte recruitment 

(Guo et al., 2015). While being a phospholipid, arachidonic acid mediators are activated 

by infections and tissue damage. They are metabolized into two main components, namely 

prostaglandins and other prostanoids and leukotrienes following cyclooxygenase and 

lipoxygenase pathways aiding the inflammatory response in both the ways, such as aiding 

the vasodilation as well as vasoconstriction, promoting and inhibiting the platelet 

aggregation, facilitate, and disaffiliate the chemotaxis (B. Wang et al., 2021). The effectors 

of the inflammatory response are the target tissue and cells such as endothelial cells, 

hepatocytes, leukocytes, and hypothalamus.  

2.2 Types of inflammation 

 Based on the time duration of the inflammation, it can be divided into two main 

types, namely acute inflammation and chronic inflammation which former occurs 

immediately after stimulation and lasts for a few days whereas the latter initiates because 

of the failure of resolution of the former one and lasts for months to years (H. Zhao et al., 
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2021). Persistent unresolved inflammation is evident in promoting the onset of diseases 

such as cancer (Coussens & Werb, 2002), atherosclerosis (Hansson et al., 2006), obesity 

(Ellulu et al., 2017), diabetes (Tsalamandris et al., 2019), cardiovascular disease (Golia et 

al., 2014), and auto-immune disease (Duan et al., 2019). 

2.2.1 Acute inflammation 

 Considering the characteristics of acute inflammation, it can be identified as the 

body’s first defensive response to a specific injury. Pathologically acute inflammation 

involves predetermined events consisting of two main alterations: vascular changes and 

cellular changes (Figure 2). The former phase is characterized by momentary 

vasoconstriction in which small blood vessels in the damaged area are constricted 

immediately due to the external or internal stimuli which lasts for a few seconds while 

having no or minimum effect on inflammation, vasodilation, where the arteriole and venule 

dilation resulting increase in blood flow, and finally increase in capillary permeability 

which aids in releasing protein-rich fluid to extracellular matrix (H. Zhao et al., 2021).  

Vascular changes 

From a clinical point of view, vasodilation is characterized by the redness and heat 

associated with the hyperemia condition. Dilation of newly generated capillary vessels and 

larger arterioles facilitates the supply of inflammatory proteins and soluble mediators to 

the site of injury (Arulselvan et al., 2016). Inflammation-induced vasodilation is facilitated 

by nitric oxide (NO), histamine (pre-formed mediators), bradykinin, and various 

prostaglandins (newly synthesized) (Williams & Peck, 1977). The major route of NO 

production is from l-arginine and, is regulated by three main nitric oxide synthase (NOS) 

isoforms; endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). 
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The first two enzymatic isoforms are controlled by the intracellular Ca2+/calmodulin 

availability whereas, iNOS activation is Ca independent, and stimulation depends on the 

presence of cytokines and interleukins aid in vasodilation via promoting smooth muscle 

relaxation by activating guanylate cyclase which is found in vascular smooth muscle cells 

and most other cells of the body (K. Chen et al., 2008). Guanylate cyclase is responsible 

for catalyzing the dephosphorylation of guanosine triphosphate (GTP) to cyclic-guanosine 

monophosphate (cGMP) which in turn facilitates smooth muscle relaxation followed by 

vasodilation (Karabucak et al., 2005). Considering the activity of histamine in the process 

of inflammation, it is found that histamine plays a key role in acute inflammation through 

its involvement in vasodilation, smooth muscle contraction, and increased vascular 

permeability (Benly, 2015). Histamine is released by mast cells. The main factors that 

determine vascular permeability are blood flow and endothelial barrier function. According 

to a study done by Wessel et al., 2014, histamine increased vascular permeability by 

phosphorylating vascular endothelial (VE) cadherin which is a principle contributor to 

maintaining the endothelial barrier by being a constitute of intercellular adherens junctions. 

Because of dilating submucosal arterioles, histamine directly activates vascular H1 and H2 

receptors resulting in the release of NO from the endothelium and further involved in 

activating the H3 receptors on sympathetic nerve terminals which in turn result in 

presynaptic inhibition of vasoconstrictor tone (Beyak & Vanner, 1995). Prostaglandins, 

lipid mediators derived from arachidonic acid, play a vital role in contributing to the 

cardinal signals of acute inflammation. The production of prostaglandins is usually 

elevated in inflammatory tissues. Once pro-inflammatory macrophages are activated, they 

contribute to the exacerbation of inflammation by producing and releasing more than 100 
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substances, including pro-inflammatory cytokines such as IL-1β and prostaglandins (Scott 

et al., 2004). Among the several other types, prostacyclin (PGl2), prostaglandin-D2 (PGD2), 

prostaglandin-E2 (PGE2), and prostaglandin-F2α (PGF2α) are primarily involved in 

vasodilator effects (Ricciotti & Fitzgerald, 2011). The chemotactic activity of 

prostaglandins facilitates the attraction of leukocytes to the locally inflamed area and PGE2 

has demonstrated synergized effects with other mediators such as bradykinin in enhancing 

vascular permeability (J. Li & Kirsner, 2005). As vasodilation increases the local blood 

floor, it accounts for the clinically visible redness and warmth associated with acute 

inflammation. 

Fluid exudation and leukocyte migration 

Once the adherent junctions are disassembled and barrier functions are altered during the 

vasodilation, fluid exudation followed by immune cell and inflammatory protein migration 

to extravascular space take place. Immune recruitment is not limited to plasma proteins, 

antimicrobials, immunoglobulins, and complement factors. This causes localized edema in 

the inflammatory site. The sequence of adhesive interactions of leukocytes with endothelial 

cells is termed the leukocyte extravasation cascade and involves a series of adhesive 

interactions (Schnoor et al., 2015). These steps are mediated by multiple molecules and 

consist of steps including the rolling of leukocytes which assists via selectins; a family of 

glycoprotein surface molecules that are expressed on leukocytes (L-selectin), endothelial 

cells (E-selectin), and platelets (P-selectin) that bind sialylated carbohydrate determinants 

on adjacent cells, chemokine and leukocyte activation, firm adhesion of integrin, 

glycosylated transmembrane proteins to endothelial cells, and trans-endothelial migration 
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(TEM) of leukocytes due to morphological and polarization of adhesion molecules 

(Garrood et al., 2006).  

Figure 2: Acute inflammatory response of the skin. Upon an external inflammatory 

stimulus, damage and dead cells facilitate the release of DAMPs and PAMPs (caused by 

infectious agents) and are usually recognized by TLRs. DAMPs initiate the release of pro-

inflammatory cytokines from macrophages and PAMPs facilitate the mast cell 

degranulation and thereby secretion of histamine which improves vasodilation and vascular 

permeability. Following the initiation of vascular changes, a variety of leukocytes bind to 

involved blood vessels and exit into the parenchyma. Since vasodilation slows the flow of 

blood, immune cells tend to move towards the vascular wall and build low affinity 

interactions with endothelial cells mediated by selectins. Once bound to the vascular wall, 

immune cells extravasate into the parenchyma by squeezing between endothelial cells and 
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moving towards the site of injury via chemotaxis and eliminating the injurious matter by 

phagocytosis. To facilitate sealing the inflammatory area, platelets also escape from the 

capillary area. PAMPs, Pathogen-associated molecular patterns; DAMPs, Danger-

associated molecular patterns; TLRS, Toll-like receptors. Created with BioRender.com.  

Neutrophils are the first and most abundant leukocytes to undergo extravasation within 24 

h of injury. Neutrophils are designed in a way to eliminate the inflammatory stimuli via 

phagocytosis, degranulation, and neutrophil extracellular traps (NETs) using their 

specialized cytoplasmic granules which contain acid hydrolases and antimicrobial peptides 

that are produced in three different stages of neutrophil maturation (Rosales, 2018). 

Neutrophils and other leukocytes also require chemoattractants; soluble molecules such as 

bacterial by-products, chemoattractant cytokines, and chemokines. to facilitate their 

migration to sites of injury or infection. In response to primary chemoattractants such as 

formyl peptides, released from bacteria or cells undergoing necrosis, immune cells such as 

macrophages release secondary chemoattractants including pro-inflammatory mediators to 

enhance the leukocyte extravasation (Afonso et al., 2012). Escaped neutrophils migrate to 

the site of injury via chemoattractant gradient given the name “chemotaxis; one of the 

initial steps in innate immune response” which consists of three different processes: 

gradient sensing, polarization, and cell motility. As reported by Petri & Sanz. (2018), 

neutrophils migrate more efficiently towards single interleukine-8 (IL-8) gradients one of 

the alpha chemokines than leukotriene B4 (LB4) gradients, which is identified as the first 

secondary chemoattractant released at a site of inflammation. Likewise, neutrophil 

migration is largely determined by the presence, concentration, and composition of the 

respective chemoattractant (Li Jeon et al., 2002). Upon arrival at the injured site, immune 

cells begin to phagocytose and eliminate the cellular debris. Phagocytosis is defined as a 
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cellular process aiding in ingesting and eliminating pathogens, dead cells, and tissue debris 

which usually are greater than 0.5 μm in diameter (Uribe-Querol & Rosales, 2020). In 

addition to neutrophils, activated macrophages also engage in phagocytosis.  

2.2.2 Inflammatory cytokines  

In regulating the inflammatory response, two main interconnected branches of the 

immune system; the innate and adaptive immune systems play a vital role by recruiting the 

inflammatory cytokines. With regards to innate immune response, the cellular components 

which are not limited to circulating dendritic cells (DCs), neutrophils, natural killer (NK) 

cells, monocytes, basophils mast cells, and macrophages act as the base and serve as the 

frontline of the host defensive mechanism. Moreover, it consists of anatomical barriers 

(mucous layer, epithelial barrier functions, antimicrobial peptides) and receptors that can 

detect conserved structural motifs of microorganisms (Choy et al., 2017). As previously 

elaborated, the innate immune system is responsible for the initial phases of the 

inflammatory response, such as vasodilation, increased vascular permeability, and cellular 

infiltration and its cellular components are responsible for releasing and synchronizing the 

cytokines and thereby orchestrating the immune response (Lacy & Stow, 2011). Cytokines 

are hormone-like major signaling glycoproteins that have a wide variety of molecular 

weights ranging from approximately 6 to 70 kDa, and regulate the development and 

expression of the broad array of immune responses that are mounted against a variety of 

pathogens (Holdsworth & Can, 2015). Cytokines are secreted by many of the immune cell 

systems including neutrophils, activated lymphocytes, macrophages, B-cells, T-cells, and 

dendritic cells. Widely spread cytokines are classified as interleukins, lymphokines, 

monokines, chemokines, interferons, and colony-stimulating factors (Tasneem et al., 
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2019). Considering the role of cytokines in inflammation, two major types of cytokines 

have been identified namely proinflammatory cytokines and anti-inflammatory cytokines. 

The pro-inflammatory cytokines which are mainly produced by activated macrophages are 

predominantly involved in the upregulation of inflammation.  The IL-1β, IL-6, and TNF-α 

are classified as pro-inflammatory cytokines (J. M. Zhang & An, 2007). On the other hand, 

anti-inflammatory cytokines are identified as the regulators of pro-inflammatory cytokines 

and hence are defined as the cytokines involved in suppressing the inflammatory response 

(Opal & DePalo, 2000). The family of interleukins harbours most of the anti-inflammatory 

cytokines which are not limited to IL-4, IL-10, IL-11, and IL-13. As cytokines play a key 

role in inflammation, managing and controlling the stimulation and production of cytokines 

has become one of the targeted therapeutic approaches in many inflammatory diseases such 

as IBD (Mitsuyama et al., 2000), meningitis (Leonardis et al., 2018), and gastritis (Zavros 

& Merchant, 2005). Among the identified cytokines, IL-1, IL-6, IL-8, IL-11, TNF-α, and 

granulocyte-monocyte colony-stimulating factors (GM-CSFs) are predominantly engaged 

in acute phase inflammation (Feghali & Wright, 1997). Of these, IL-1 (α and β), IL-6, and 

TNF-α are extremely potent cytokines and identifies as key pro-inflammatory cytokines in 

mediating the acute inflammatory response (Turner et al., 2014).  

IL-1 is expressed mainly by multiple cell types including monocytes, macrophages, 

neutrophils, hepatocytes, and tissue macrophages throughout the body (Arend et al., 2008). 

Typically, IL-1 expression is triggered by microbial invasion. Specifically, IL-1β is 

identified as a basic stimulator of CD4+ T-lymphocytes and differentiates them towards T-

helper (Th) cells particularly Th1 and Th17 cells where the former is found to be involved 
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in activating the macrophages and the latter is involved in recruiting the neutrophils and 

monocytes during an inflammatory response (Turner et al., 2014).  

TNF-α, one of the members of a family of type II transmembrane proteins, which 

consists of 30 receptors and 19 associated ligands, has been spotted as a prototypical pro-

inflammatory cytokine (Lobito et al., 2011). It is primarily secreted from activated 

macrophages within min of local or systematic injury. In addition to that, other cellular 

components such as mast cells, NK cells, monocytes, fibroblasts, and endothelial cells are 

also responsible for secreting transmembrane precursor protein of TNF-α. With regards to 

the target destinations of TNF-α, neutrophils, endothelial cells, hypothalamus, liver, heart, 

macrophages, and T-lymphocytes have been recognized. Moreover, the primary effects of 

TNF-α, include the activation of the inflammatory cascade, release of vasodilators, release 

of other cytokines, myocardial suppression, catabolism of fat, and increased body heat or 

inducing fever conditions which is one of the main clinical features of the acute phase of 

inflammation (Sherwood & Toliver-Kinsky, 2004).  

IL-6 is another cytokine secreted during inflammation that has a pleiotropic effect. 

It is expressed and released by a wide variety of cells including macrophages, fibroblasts, 

endothelial cells, T cells, B cells, keratinocytes, hepatocytes, bone marrow cells, and some 

epithelial cells (Jucker et al., 1991). Physiological effects of IL-6 are broadened up to 

elevating the systemic responses primarily focusing on producing the acute phase proteins 

from the liver, inducing B cells to differentiate into antibody-producing plasma cells, T cell 

activation, differentiation, and regulation of Th2 and Treg phenotypes (Moens & Tangye, 

2014). In this context, it is well understood that the inflammatory process is regulated by 

cytokines, and ensuring the recruitment of appropriate cytokines is also a concern.  
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2.2.3 Resolution of inflammation 

Resolution of inflammation is a highly coordinated process that consists of tissue 

repair and healing mechanisms to prevent the progression of acute inflammation and 

restore tissue homeostasis by actively addressing the deficiencies which lead to chronic 

inflammation (Headland & Norling, 2015). The onset of resolution occurs shortly after the 

beginning of the inflammatory response. The inflammatory resolution process includes 

cessation of tissue infiltration of neutrophils, shut down of polymorphonuclear leukocyte 

recruitment, induction of apoptosis (or programmed cell death) and efferocytosis to remove 

the dead cells and pro-inflammatory immune cells, re-program macrophages from 

classically activated cells to alternatively activated cells, and initiation of the healing 

process (Neurath, 2019). Regarding the cellular components involved in the resolution 

process, the primary mediators of the resolution are comprised of lipid, protein, peptide, 

and gaseous mediators. During the resolution period, pro-inflammatory lipid mediators 

such as PGs are switched to lipoxins (LXs) which have prevailing effects in anti-

inflammatory and pro-resolving activities. Lipoxins are generated from endogenous fatty 

acid, arachidonic acid. LXs were long known to play an essential role in resolution by 

controlling the entry of neutrophils to sites of inflammation, reducing the vascular 

permeability and extravasation of cellular components. It has also been found that LXs are 

potent chemoattractants of monocytes (Schwab & Serhan, 2006). Other than LXs, 

resolvins, protectins, and maresins are also actively engaged mediators in resolving 

inflammation. In an attempt to understand the role and actions of latter mediators in 

resolving inflammation, much evidence has been stored. Resolution actions of these 

mediators are not limited to the inhibition of neutrophil infiltration (Serhan et al., 2000), 
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modulation of the chemokine and cytokine synthesis (Bannenberg et al., 2005), promotion 

of the healing of inflamed tissues, and enhancement of phagocytosis (Schwab et al., 2007). 

In addition to the lipid mediators, protein mediators such as Annexin A1, chemokine 

binding protein (D6), T cell/transmembrane immunoglobulin mucin (TIM-4), and 

developmental endothelial locus-1 (DEL-1) are also playing a crucial role in the resolution 

phase of the acute inflammation (Feehan & Gilroy, 2019). The main functions of protein 

mediators in resolution are cytokine scavenging, anti-inflammatory macrophage 

polarization, and efferocytosis. Once the apoptotic neutrophils are formed during the 

resolution phase, appropriate clearance of them is carried out via phagocytes through the 

process called efferocytosis. Besides the D6 mediator, Annexin A1, TIM-4, and DEL-1 

involvement in efferocytosis are well documented (L. Chen et al., 2014; Kobayashi et al., 

2007; Kourtzelis et al., 2018). Referring to the gaseous mediators in the resolution of 

inflammation, the best characterized are NO, hydrogen sulfide (H2S), and carbon monoxide 

(CO). During apoptosis, activated inflammatory cells generate reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) including NO which has both pro-apoptotic 

and anti-apoptotic properties (Quinn et al., 1995). However, as the evidence supports, a 

lower concentration of NO produced by eNOS and nNOS promotes cell protection 

whereas, excessive levels produced by iNOS promote cell death (J. L. Wallace et al., 2015). 

Besides NO, H2S is also found in facilitating neutrophil apoptosis which is identified as a 

crucial step toward the resolution of inflammation (Mariggiò et al., 2008). In addition to 

these mediators, changes in intracellular signaling pathways such as NF-κB, 

phosphoinositide 3-kinase (PI3K), extracellular-signal-related kinase 1 and 2 (ERK1 and 

ERK2), and cyclic adenosine monophosphate (cAMP) also play a vital role in initiating the 
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resolution phase of inflammation via functioning the anti-inflammatory response mainly 

by facilitating the process of apoptosis. Despite the well-established regulatory processes, 

inadequate/insufficient resolution or failures in resolution triggers chronic inflammation.  

2.2.4 Chronic inflammation 

Chronic inflammation is characterized by slow, long-term inflammation lasting for 

a prolonged period. In contrast to neutrophil infiltration in acute inflammation, during 

chronic inflammation, leukocytes including monocytes which differentiate into 

macrophages and T-lymphocytes are continuously recruited and accumulated (Headland 

& Norling, 2015). Moreover, research findings prove that chronic inflammation has an 

association with the proliferation of fibroblasts which results in subsequent organ failure. 

Thus, chronic inflammation leads to relentless disease conditions in the categories of 

autoimmune diseases, granulomatous diseases, metabolic disorders, and cancers (King, 

2007). Characteristically, chronic inflammation is continued when the causative agent of 

the inflammation (bacteria, viruses, fungi, parasites) survive for a long period without 

complete elimination. As an example, evidence showed the relationship between the 

microbiota not being limited to Mycobacterium avium subspecies paratuberculosis, 

Clostridium difficile, Escherichia coli, Listeria monocytogenes, Campylobacter concisus, 

and IBD (Azimi et al., 2018). Moreover, the evidence of a direct role of the gut microbiota 

in the development of autoimmune arthritis arises from experimental studies on germ-free 

mice in which a reduced severity and/or incidence of arthritis has been demonstrated 

(Costello et al., 2015).  
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2.3 Inflammation associated with the gastrointestinal tract 

The human gastrointestinal tract (GIT) is a continuous channel through the body 

that extends from the mouth to the anus. There is no specific area that can be inflamed 

rather, inflammation can occur at any site of the GIT demonstrating a variety of aetiologies 

thus, characterized as a complex biological response to different injurious stimuli including 

pathogens, damaged cells, and irritants (Figure 3). For instance, glossitis; inflammation of 

the tongue, stomatitis; inflammation of the larger parts of the oral mucosa, gingivitis; 

inflammation of the gums, cheilitis; inflammation of the lips, chronic inflammatory 

conditions such as oral lichen planus, and periodontitis in which the inflammation extends 

to the supporting tissues including alveolar bone has been recognized as the major oral 

inflammatory diseases (Hasturk et al., 2012; Kösling, 2008). In contrast to oral 

inflammatory conditions, inflammatory disorders of the esophagus are commonly 

encountered in clinical practice and are usually treatable. Lymphocytic esophagitis which 

has a characteristic clinical feature of isolated elevation of peripapillary lymphocytes and 

eosinophilic esophagitis a chronic condition of a complete dysfunction of the esophagus 

are two distinctive types of esophageal inflammation (Lisovsky, 2020). Gastritis is the most 

common inflammatory condition associated with the stomach. Helicobacter pylori 

associated with gastritis is the most common cause of gastritis worldwide. However, H. 

Pylori negative gastritis has also been spread widely which is caused by gastrointestinal 

reflux, tobacco smoking, alcohol consumption and/or use of long-term medications (Blasco 

et al., 2022). Similarly, inflammation can occur in the pancreas giving rise to acute or 

chronic pancreatitis. Intra-pancreatic activation of pancreases is a distinctive feature in 
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acute pancreatitis, whereas chronic pancreatitis is characterized by progressive fibrotic 

destruction of the pancreatic secretory parenchyma (Brock et al., 2013; Elfar et al., 2007).  

Figure 3: Inflammatory diseases associated with GIT.  Inflammation is common in 

organs of GIT showing evidence of inflammatory conditions associated with every site. 

Starting from the mouth to the anus inflammatory disorders are prominent in GIT which 

includes oral inflammatory conditions, esophageal, liver, gallbladder, stomach, small 

intestine, pancreas, large intestine, rectum, and anus. Created with BioRender.com. 

 

Inflammation occurs in the liver, or hepatitis can result from heavy alcohol use, 

harmful drugs, toxins, and viral infections. Among them, viral hepatitis has been spotted 

as the most common type of hepatitis which is accounted for by hepatitis viruses A, B, C, 

D, and E (Castaneda et al., 2021). Cholecystitis is known for the inflammation initiated in 
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the gallbladder which happened usually due to the blockage of the cystic duct by the 

gallstones (Adachi et al., 2022). Proctitis; inflammation of the lining of the rectum and 

anusitis; inflammation of the anal canal are also commonly occurring disorders that are 

more often misdiagnosed as hemorrhoids (Meseeha & Attia, 2021). Enteritis is the 

common name given for inflammation in the small intestine whereas regional enteritis or 

Crohn’s disease is one of the major two types of IBD. Crohn’s disease is a form of chronic 

inflammation which prominently affects the entire layers of the small intestine. However, 

it can be initiated at any site of the GIT (Gyires et al., 2014). Colitis is the common term 

given for colonic inflammation. Colitis has different types and results from several 

mechanisms including infection, autoimmunity, ischemia, and drugs. Also, it may occur 

secondary to immune deficiency disorders or secondary to exposure to radiation (Kelly, 

2003). Ischemic colitis is an acute form of inflammation in the colon which results in 

inadequate blood flow to the colonic tissues (Theodoropoulou & Koutroubakis, 2008). In 

addition to that, intracolic pressure caused by the impacted feces is also linked with colonic 

ischemia. Infectious colitis is caused by bacterial (Salmonella entarica, Salmonella 

typhimurium, Shigella dysenteriae, Campylobacter jejuni, Enterohemorrhagic Escherichia 

coli), viral, and parasitic pathogens is one of the major public health problems in today’s 

world. Although many other infectious agents can also contribute to infectious colitis, the 

above-mentioned causative agents are the most common (Navaneethan & Giannella, 

2011). Colitis can also be initiated by the prolonged and/or misuse of high local 

concentrations of drugs such as non-steroidal anti-inflammatory drugs (NSAIDS-induced 

colitis). Regardless of the acute forms of colitis, ulcerative colitis (UC), the second type of 
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IBD  affects the mucosal layers of the colon featured with recurrent inflammation with a 

chronic pathological atmosphere (Meier & Sturm, 2011).  

2.4 Experimental colitis  

 As colonic inflammation has an immense relationship with colon cancer initiation 

understanding the etiology and pathophysiology of colitis has become a critical preventive 

factor for CAC. Thus, to fulfill the need of learning underlying mechanisms, and preventive 

and/or therapeutic approaches to CAC, several experimental animal models are being used 

primarily in the scope of colonic inflammation. Further, the induction of diseases in 

animals could enable us to better understand the progression of diseases from normal 

physiological states to inflammation and then malignant changes in particular organs (Wu 

& Yu, 2012). 

2.4.1 Classification of experimental colitis models 

Murine models of colitis can be classified into several different categories including 

administration of specific chemical substances-chemically induced colitis, spontaneous 

models, gene-knockout and transgenic models, and, reconstitution of immunodeficient 

mice with CD4+ cells, and bacterial-induced models (Boismenu & Chen, 2000). For 

chemically induced colitis, a few types of chemical agents have been widely used. For 

example, DSS (Eichele & Kharbanda, 2017) and 2,4,6,-trinitrobenzene sulfonic acid 

(TNBS) (Antoniou et al., 2016) are the most common. TNBS-induced colitis model (0 .5-

4.0 mg/ 45-50% ethanol) gained wider attention since a single rectal administration of the 

chemical in rats, mice, guinea pigs, dogs, and rabbits were able to produce rapid, reliable, 

reproducible, and efficient results (Brenna et al., 2013; Luo et al., 2020; Scheiffele & Fuss, 

2002). TNBS basically facilitates colitis development via inducing acute Th1 inflammation 
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exemplified by infiltration of CD4+ lymphocytes which mimics the features of human UC 

(I. Silva et al., 2019). Both DSS and TNBS models are primarily focused on epithelial 

barrier dysfunction and allowing bacteria and immunogenic molecules into the mucosa in 

colonic inflammation (Oh et al., 2014). Similarly, oxazolone is another hapten molecule 

when used triggers inflammation by applying 1% (v/v) the chemical which histologically 

resembles UC limited to the distal part of the colon. A rapid increase in IL-13 cytokine in 

lamina propria with the immersive appearance of NK-T cells are prominent immunological 

feature of oxazolone-induced colitis (Goyal et al., 2014). An acetic acid solution in a 

concentration of 4% v/v has been also used to provoke mucosal and submucosal 

inflammation in the colon mimicking the features of UC including extensive hemorrhage, 

occasional ulceration, and bowel wall thickening (Sotnikova et al., 2013). In addition to 

the above chemical inducers carrageenan, a high molecular weight sulfated polygalactan 

(Martino et al., 2017), iodoacetamide, blocker of sulfhydryl compounds in the colon (Satoh 

et al., 1997) have been used as colitis inducers less frequently.  

Spontaneous models of colitis provide the advantages of being more effective, 

efficient, and carrying more similar clinical features to human disease. C3H/HejBir mice 

model in which the mice are produced by selective breeding of C3H/Hej mice with colitis 

is one of the popular forms of spontaneous colitis models. In this model, the inflammation 

is limited to the right side of the colon and lasts between 1 month to 1 year of life (Goyal 

et al., 2014). Genetically engineered models of colitis have gained more attention in recent 

years for their effectiveness in producing spontaneous colitis. Based on the gene 

construction strategies, genetically engineered murine models of IBD are classified into 

several subcategories. In particular, conventional knock-out mice, which are genetically 



24 

 

engineered to lack a particular gene of interest in all cell types, are commonly used to study 

the pathogenic/regulatory factors during the development of spontaneous chronic colitis 

(Mizoguchi et al., 2020). IL-10 -/-, IL-2 -/-, and TGF- β -/- are a few examples of conventional 

gene knock-out models (Jamwal & Kumar, 2017). Salmonella-induced colitis is one of the 

models that fall under bacterial induction of colitis. Colitis is usually initiated within 5-7 

days after the infection (Low et al., 2013). However, selecting the most suitable 

experimental model for assessing colitis always depends on practical criteria such as 

accessibility, easy experimental manipulation, cost-effectiveness, and % similarity with 

mirroring the human disease.  

2.4.2 DSS-induced acute colitis  

DSS is a water-soluble, negatively charge sulfated polysaccharide which has a 

highly variable molecular weight range from 5-1,400 kDa (Figure 4). Among currently 

used chemical models of colitis, the DSS-induced colitis model is the most used model 

which brings in severe epithelial damage and mimics the human UC. It has the advantage 

of being manipulated and used to demonstrate both acute and chronic colitis in which the 

latter is produced via the application of repeated cycles of DSS. Being rapid in completion, 

having a higher percentage of reproducibility, and possessing simplified protocols have 

made it well accepted (Eichele & Kharbanda, 2017). The concentration of the DSS 

solution, duration, and frequency of the administration mainly affect the nature of the 

model. However, responses also varied with the molecular weight of the DSS, 

manufacturer, batch number, genetic markup of the subjective animal, and gut microbiome 

of the animal (Perše & Cerar, 2012). Animal models are currently implemented to use DSS 

in the 40-50 kDa molecular weight range in drinking water (Eichele & Kharbanda, 2017). 
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In a study conducted using three different molecular weights of DSS in inducing acute 

colitis in mice, only the molecular weights of 5 kDa and 40 kDa were able to produce the 

colitis but not the 500 kDa. The main reason why the higher molecular DSS was not potent 

in inducing inflammation is the inability of DSS to pass through the mucosal membrane 

(Kitajima et al., 2000).   

Figure 4: Chemical structure of a part of DSS macromolecule. DSS is a sulfated 

polysaccharide which uses for inducing acute and chronic colitis in animal models.  

DSS is highly toxic to epithelial cells and causes a collapse in epithelial integrity and 

increases colonic mucosal permeability (Biton et al., 2018). Additionally, it facilitates the 

passage of luminal microorganisms into the mucosa (Perše & Cerar, 2012). DSS is 

recognized for its ability to inflame the animal’s colon which has characteristic features of 

colitis more similar to that of humans. For instance, administration of ≥2.5% w/v DSS in 

drinking water for less than 7 days was potent in inducing colitis in mice with remarkable 

similarities to that of colitis patients resulting in mucosal edema, lesions, observable 

ulceration, occult blood and neutrophil infiltration (Randhawa et al., 2014). Typically, 
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acute colitis is induced by the administration of one cycle of DSS. On the other hand, 

chronic colitis results from the application of repeated cycles of DSS which includes 1 

week of DSS followed by 7-14 days of sterile water (Figure 5) (Okayasu et al., 1990).  

 

Figure 5: Schematic diagram for acute and chronic colitis by DSS. Acute colitis can be 

induced by DSS administrating a single cycle of DSS for a week followed by normal 

drinking water. On the other hand, chronic colitis is induced by administrating DSS more 

than 1 time which is indicated by having more induction and recovery phases.  

2.5 Anti-inflammatory actions of dietary interventions  

 Positively addressing the modifiable risk factors such as lifestyle practices 

including smoking, unhealthy diet, and physical inactivity could potentially prevent 70-

90% of various chronic disease conditions including inflammation (Wagenaar et al., 2021). 

As for the research findings, Mediterranean diets, diets rich in fruits and vegetables, diets 

with plant-based ingredients, whole grains, and a high amount of dietary fiber are 

associated with reducing the risk of persistent inflammation (Smidowicz & Regula, 2015). 

According to the data obtained from a meta-analysis, vegetarian-based dietary patterns are 



27 

 

found to be associated with a significantly lower concentration of C-reactive protein, total 

leukocytes, and fibrinogen compared to non-vegetarian diets (Craddock et al., 2019). 

Energy received from plant sources has been associated with favorable biomarkers of anti-

inflammation and current findings show that the inflammatory marker profiles are 

subjected to alteration by the changes in dietary patterns highlighting the therapeutic role 

of food (Barros et al., 2021). Anti-inflammatory diets involve regulating the composition 

and metabolic activity of the gut microbiome, which directly affects the initiation and 

progression of inflammatory conditions in GIT. Dysbiosis of the gut microbiome facilitates 

intestinal permeability by disrupting the intestinal barrier integrity and altering the 

expressions of TJ proteins (Zheng et al., 2020). Changes in intestinal permeability aid in 

harboring the pathogenic microbes into the lumen which later enables the onset of an 

inflammatory response. Therefore, maintaining the natural balance of the gut microbiome 

and having diets that increase the count of healthy gut bacteria is one of the promising and 

effective ways of managing intestinal inflammation.  

 In addition to nutrients that are found in fruits and vegetables, such as essential 

vitamins and minerals, there are several plant-derived components commonly named 

phytochemicals. In particular, one of the major groups of phytochemicals, known as 

polyphenols has been extensively studied for their anti-inflammatory and anti-cancer 

properties (Fraga et al., 2019). Furthermore, there is a bi-directional relationship between 

polyphenols and the microbiome of the human gut in which polyphenols can modulate the 

composition of an individual’s microbiome in the direction of improving healthy gut 

bacteria (Oteiza et al., 2018). Scientific evidence has demonstrated that flavonoids, a sub-

class of polyphenolic compounds extensively present in plants hold anti-inflammatory 
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properties through different mechanisms such as inhibition of regulatory enzymes and 

transcription factors which serve as controllers of inflammatory mediators. Moreover,  

having pronouncing anti-oxidant properties, modulating the gene expression and immune 

cells, and having a direct impact on arachidonic acid metabolism make the flavonoids a 

potent candidate for controlling the inflammatory response (Maleki et al., 2019). Out of 

the seven sub-classes of flavonoids, anthocyanin has been widely investigated for its 

potential in controlling intestinal inflammation (Verediano et al., 2021).  

2.5.1 Chemistry and dietary sources of anthocyanin  

Anthocyanins, which are a glycosidic form of anthocyanidins, possess a basic 

structure of C6-C3-C6 composed of two aromatic rings (A and B) and one heterocyclic 

ring (C) (Jackman et al., 1987) (Figure 6). Anthocyanins are differentiated based on the 

number of hydroxyl groups, the number and type of sugar moieties, and the presence or 

absence of acyl groups. Out of over 600 anthocyanins identified in nature, six main 

anthocyanin classes are well distributed in fruits and vegetables (Figure 6). The C3G is 

highly abundant among anthocyanins, and more than 90% of anthocyanins are conjugated 

with glucose (He & Giusti, 2010). Families of Vitaceae (grape), Rosaceae (cherry, plum, 

raspberry, strawberry, blackberry, apple, and peach), Solanaceae (tamarillo and eggplant), 

Saxifragaceae (red and black currant), Caprifoliaceae (haskap), Cruciferae (red cabbage) 

and Ericaceae (blueberry and cranberry) are primary sources of dietary anthocyanin (D. Li 

et al., 2017; Rupasinghe et al., 2018). 

2.5.1.1 Haskap berry anthocyanin 

 Haskap berry (Lonicera caerulea), a variety of edible honeysuckle species 

containing very high levels of phenolics, is a plant native to low-lying wet areas and 
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mountains of Siberia and northeastern Asia, Europe, and North America (Bell & Williams, 

2018). Haskap is fairly new to Canada, with only three major varieties in production, 

namely Borealis, Indigo Gem, and Tundra (Bors, 2009). Although many berry species are 

claimed to have a higher content of polyphenols, haskap has been identified as having a 

significantly higher amount of flavonoids (Celli et al., 2014). Haskap berry is rich in 

anthocyanins primarily having higher contents in the forms C3G, cyanidin-3,5-O-

diglucoside, and cyanidin-3-O-rutinoside. Haskap berries contain high total phenolic 

content (141–1,142 mg gallic acid equivalent/100 g fresh weight, FW), total anthocyanin 

content (1,300 mg C3G equivalent/100 g FW), total flavonoid content (595–699 mg 

quercetin equivalent/100 g FW), and have the strong antioxidant capacity (Bors, 2009; 

Celli et al., 2014; Rupasinghe et al., 2012). The anthocyanin content of haskap berries is 

greater than that of raspberry (22.2-437 mg C3G equivalent/100 g FW), blackberry (126-

152 mg C3G equivalent/100 g FW), red currant (1.4-7.8 mg C3G equivalent/100 g FW) 

and blueberry (99.9 mg C3G equivalent/100 g FW) (Celli et al., 2014). As haskap is a 

promising source of anthocyanin specifically, C3G, it has been widely investigated for its 

anti-inflammatory properties (Rupasinghe et al., 2015).  

2.5.2 Bioavailability of anthocyanin 

  Intact forms of anthocyanins that are absorbed from the stomach, as well as the 

intestine via an active transport mechanism, are then subject to hepatic Phase 2 metabolism. 

The resulting anthocyanin metabolites enter the systemic circulation. Unabsorbed 

anthocyanins reach the large intestine and undergo microbial biotransformation into 
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decomposed products that contribute to anti-inflammation and cancer chemoprevention (J. 

Fang, 2014).   

Figure 6: Basic chemical structures of anthocyanidins. Anthocyanin is derived from 

anthocyanidins and has the basic structure of flavylium ion which lacks the ketone oxygen 

at the 4th position of the C-ring. There are six different anthocyanidins that have been 

identified from plants.  

Gastric digestion does not significantly affect anthocyanin composition; however, 

approximately 42–76% of total anthocyanins and 29% of their antioxidative activity are 

lost during passage through the intestines (Y. Liu et al., 2014; D. Sun et al., 2015).  A 13C 

traceability study that utilized eight healthy male participants revealed 12% relative 

bioavailability of C3G after receiving a 500 mg oral dose of anthocyanin (Czank et al., 

A 

B 

C 
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2013).  In contrast, a recent human intervention study showed that only 0.02% of ingested 

bilberry anthocyanin is detectable in plasma over 8 h after ingestion (Mueller et al., 2017). 

These controversial findings indicate that further investigations of the bioavailability, 

absorption and excretion of anthocyanins are warranted. The maximum plasma 

concentration is attained within 0.5–2 h after the consumption of anthocyanin-rich foods 

(J. Fang, 2014). Around 20–25% of the ingested anthocyanin is absorbed by the gastric 

mucosa, although this varies according to the structure of the anthocyanin (Felgines et al., 

2006; Talavéra et al., 2003). The majority of glycosidic forms, anthocyanin 

monoglucosides, and non-acylated compounds are well absorbed (Novotny et al., 2012; 

Passamonti et al., 2003). Glucose transporters are not involved in the gastric absorption of 

anthocyanin; hence, absorption is facilitated by bilitranslocase, an organic anion membrane 

carrier (Felgines et al., 2008). Absorbed anthocyanin is then metabolized into 

glucuronidate, sulfate, or methyl derivatives in the small intestine. The greatest amount is 

absorbed in the jejunum and the lowest is absorbed by duodenal tissue (Talavéra et al., 

2003). Anthocyanins that pass down to the large intestine are subjected to spontaneous or 

microbial bioconversion (Valdez & Bolling, 2019). In vitro studies prove that upon 

bacterial metabolism, cleavage of glycosidic linkage and breakdown of the anthocyanidin 

heterocycle is possible while producing 4-hydroxybenzoic acid, PCA, gallic acid, vanillic 

acid, and syringic acid as the major microbial metabolites (Fernandes et al., 2015). 

Incubation of a mixture of anthocyanins with fecal bacteria results in the formation of 

gallic, syringic, and p-coumaric acids (Hidalgo et al., 2012). The metabolism of C3G and 

cyanidin-3-O-rutinoside by rat gut microflora gives rise to protocatechuic, vanillic, p-

coumaric acids, and 2,4,6-trihydroxybenzaldehyde. Gallic acid, syringic acid, and 2,4,6-
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trihydroxybenzaldehyde are the primary metabolites of delphinidin-3-O-rutinoside (Y. 

Chen et al., 2017). Therefore, microbial metabolism of anthocyanins may contribute to 

their pronounced anti-inflammatory properties, as the microbiome enhances anthocyanin 

metabolite concentrations (Hanske et al., 2013). 

2.5.3 Anti-inflammatory properties of anthocyanin  

Under chronic inflammatory conditions, intestinal barrier function is impaired by 

the loss of the mucosal epithelial layer integrity layer due to decreased production and 

assembly of the TJ proteins and translocation of invasive microbial species and microbial 

products to the internal tissue environment (S. Li et al., 2019). In various systems, 

anthocyanins improve the intestinal TJ barrier integrity by promoting the expression of 

crucial barrier-forming TJ proteins such as occludin, claudin-5 and, zonnula occuldin-1 via 

upregulation of glucagon-like peptide (GLP)-2 intestinal hormone levels (Cremonini et al., 

2019; Nunes et al., 2019). In addition, anthocyanins tend to improve barrier function by 

regulating TJ and epithelial cell permeability (X. Sun et al., 2018). Anthocyanins also 

down-regulate the expression of major pro-inflammatory biomarkers such as TNF-α, IL-6, 

IL-1β, IFN-γ, PGE2, monocyte chemoattractant protein (MCP)-1, cyclooxygenase (COX) 

-2, and NF-κB (Ferrari et al., 2016; Peng et al., 2019).  For example, a combination of 

lycopene and anthocyanin inhibits the expression of the cytokine IL-8, whereas 

anthocyanin-rich wild blueberry extract reduces the activity of NF-κB in Caco-2 cells 

(Phan et al., 2019; Rupasinghe et al., 2015).  Anthocyanins extracted from red clover (Lee 

et al., 2020), and black rice (Limtrakul et al., 2015), inhibit the translocation of NF-κB into 

the nucleus of lipopolysaccharide (LPS)-activated RAW264.7 macrophages. Furthermore, 

the production of NO, expression of COX-2, and secretion of TNF-α and IL-6 were also 
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diminished by black rice extracts (Limtrakul et al., 2015). Overexpression of the pro-

inflammatory enzyme, iNOS, is another general feature of epithelial tissue inflammation 

and carcinoma development (Domitrovic, 2011). In this regard, Peng et al. (2020), reported 

that the long-term consumption of anthocyanin from Lycium ruthenicum Murray reduces 

inflammation of the colon by reducing the expression of iNOS, Cox-2, TNF-α, IL-6, IL-

1β, and IFN-γ mRNAs in C57BL/6 male mice. Additionally, cocoplum extract, which is 

rich in the anthocyanins delphinidin, cyanidin, petunidin, and peonidin, downregulates IL-

1β, IL-6, and NF-κB expression in HT-29 colorectal adenocarcinoma cells while 

decreasing TNF-α-induced intracellular ROS production (Venancio et al., 2017). 

Moreover, anthocyanins from various sources, for example, fruits of L. ruthenicum Murray 

(Peng et al., 2019), red raspberry (L. Li et al., 2014), black rice (L. Zhao et al., 2018), and 

strawberry (Ghattamaneni et al., 2020), are able to attenuate DSS-induced gut 

inflammation in mouse models of IBD. 

2.5.4 Anthocyanin in the regulation of gut microbial dysbiosis  

Healthy gut bacteria or probiotics are involved in activating anti-tumor immunity 

and boosting the efficacy of immunotherapy, whereas harmful bacteria induce 

inflammation-driven deoxyribose nucleic acid (DNA) alterations (Wroblewski et al., 

2016). Anthocyanins and gut microbiota exhibit a two-way interaction that impacts host 

physiology. There is a broad agreement that dietary anthocyanins are involved in the 

modulation of gut microbiota, increasing the ratio of healthy/unhealthy bacteria (S. Li et 

al., 2019). For example, oral administration of 5 g/kg body weight of black raspberry to 

the diet for six weeks increased the abundance of healthy microbial species such as 

Akkermansia and Disulfovibrio (known to have anti-inflammatory effects) in F-344 rats 
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(Wroblewski et al., 2016). C57BL/6J mice with colitis that were fed malvidin-3-glucoside 

at a dose of 24 g/kg body weight also showed a decrease in the number of pathogenic 

bacteria such as Ruminococcus gnavus, thereby restoring the gut microbial balance (F. Liu 

et al., 2019). In a recent study, oral gavage of malvidin-3-galactoside (40–80 mg/kg body 

weight) increased butyric-producing bacteria and reduced the abundance of pathogenic 

bacteria in C57BL/6J mice with liver carcinogenesis (Cheng et al., 2020). As pathogenic 

microbes are involved in intestinal inflammation, regulation of gut microbial composition 

by anthocyanin is directly linked with the reduction of inflammation.  

2.5.5 Probiotics in the prevention of inflammation  

The microbial ecosystem in our gut has a dramatic role in human health and has 

particularly gained much attention recently for the heath-restoring properties of healthy gut 

bacteria or probiotics (Prescott, 2013). According to the definition given by Nutrition 

Division, Food and Agriculture Organization (2006) probiotics are “live microorganisms 

which confer a health benefit on the host, when administered in adequate amounts”. The 

difference in the composition and activity of gut microflora shown by an increase in the 

number and species type of harmful bacteria and a decrease in the number and species 

types of healthy bacteria have been identified as a major factor affecting an individual’s 

overall health (Levy et al., 2017). Therefore, the incorporation of probiotics in regular diets 

has now become an effective way of restoring gut microflora imbalance.  

Probiotics are capable of producing critical anti-inflammatory metabolites such as 

short-chain fatty acids (SCFAs: acetate, butyrate, and propionate) produced by probiotics 

bifidobacilli, and lactobacilli bind and activate receptors (free fatty acid receptor 2 -

FFAR2, free fatty acid receptor 3-FFAR3) on intestinal epithelial cells to inhibit the NF-



35 

 

κB pathway to prevent inflammation (Y. Liu et al., 2018). Apart from this, SCFAs play an 

important role in maintaining colonocyte homeostasis and are involved in the reduction of 

neutrophil cytokine production as well (Vinolo et al., 2011). Besides, probiotics are found 

to be effective in activating the TLRs thereby influencing important signaling pathways 

and DCs which transport the antigens to local lymph nodes with the following release of 

IL-10 and IL-12 (Cristofori et al., 2021). TLR-2 and TLR-4 activation by probiotic 

microorganisms are recognized as particularly important receptors mediating the direct 

influence of probiotic and commensal bacteria on inflammatory signaling pathways 

(Bermudez-Brito et al., 2012).  

A recently published mechanistic overview confirms the potential of probiotics in 

the reduction of levels of inflammation and oxidative biomarkers including C reactive 

protein P, TNF-α, IL-6, and IL-12, and involvement in improving the intestinal barrier 

integrity and reduction in leakage of harmful metabolites (Mahdavi-Roshan et al., 2022). 

Furthermore, probiotics have shown beneficial effects on attenuating gut inflammatory 

conditions by inhibiting the growth of microbial pathogens, increasing the epithelial TJ 

protein activity, modulating immune responses of epithelial mucosal immune cells, 

secreting the antimicrobial products, and decomposing luminal pathogenic antigens (Bai 

& Ouyang, 2006). TNF-α, causes leaky barriers in intestinal epithelial by directly impairing 

the integrity of TJ proteins between epithelial cells. Hence, the reduction of TNF-α by 

probiotics facilitates the maintenance of endothelial integrity (Lescheid, 2014). Moreover, 

probiotics directly affect the expression of zonulin-1, occludin, and cingulin, a few of the 

principal TJ proteins (Ukena et al., 2007).  
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2.6 Need for encapsulation to protect probiotics and anthocyanins  

Despite the perceived health benefits, the low viability, and stability of probiotics 

in foods as well as in the human GI tract is found to be one of the main technological 

challenges in using them as healthier remedies and functional ingredients (Mattila-

Sandholm et al., 2002). Microorganisms are continuously exposed to extreme 

temperatures, high pressure, and shear forces during the production process (Thantsha et 

al., 2012) and the remaining viable cells in the product will experience further stress 

conditions during the gastric transition on account of low pH in the stomach and high bile 

salts concentration in the intestine (Haffner et al., 2016). To achieve the desired health 

effects, it is recommended to have at least 108-109 CFU/g of viable cells at the time of 

consumption (Haffner et al., 2016). However, about 60% of the bacteria is being killed in 

the gastric environment before it reaches the intestine (Clemente et al., 2012) and about 

90% of the active microorganisms in formulated products tend to be non-functional during 

one year storage period (Viernstein et al., 2005).  

On the other hand, the use of anthocyanin as a functional food ingredient or a 

nutraceutical is also restricted due to its high instability in food processing conditions and 

susceptibility to degradation in GIT (Giusti & Wrolstad, 2003). Moreover, the 

bioavailability of anthocyanin compounds is very low due to their low absorption and fast 

metabolization in the body (Fidan-Yardimci et al., 2019). As Y. Liu et al. (2014) reported, 

42% of total anthocyanins are lost during passage through the gastrointestinal tract, and 

stability is increased with an increasing number of methoxy groups in ring-B. Additionally, 

anthocyanin bioavailability is low because of its sensitivity to low pH conditions in the 

stomach. Generally, anthocyanin is stable at pH 3.5, and pH levels below that, they undergo 
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continuous degradation which results in less biochemical activities (Robert & Fredes, 

2015). In this context, scientists investigate a multitude of technological approaches such 

as encapsulating techniques to improve probiotic cell viability and anthocyanin 

bioavailability.  

2.6.1 Microencapsulation  

Microencapsulation (ME), one of the most common methods of bioactive and cell 

stabilization in the fields of food and pharmaceuticals (Trelles & Rivero, 2013). As 

encapsulation itself is a broader area, generally it is identified as a separate technique of 

stabilization of active compounds through the structuring of systems capable of 

preservation of their chemical, physical, and biological properties, as well as their release 

or delivery under established or desired conditions. The term ME is defined as a 

“technology of formation of a continuous coating around an inner core of sensitive 

ingredient/s (solid, liquid, or gaseous) by means of physicochemical or mechanical ways 

to produce particles with a diameter in the range of 20 µm-1 mm (Figure 7) (Shori, 2017). 

However, according to some authors, the final particle size of the microcapsules can be 

extended up to 5 mm which is attributed to the respective technologies used (Sarao & 

Arora, 2017). To date, there is a rising interest in probiotic encapsulation technology (PET) 

in the field of bio-pharmacy focusing on the controlled release of probiotics at the colon to 

restore gut microbial dysbiosis (Gbassi & Vandamme, 2012). Aligning the same with the 

PET, encapsulation of plant bioactive such as anthocyanin has also gained broader attention 

primarily focused on providing protection from environmental conditions (light, oxygen, 

temperature, and water), avoiding oxidation and increasing the shelf life, improving their 

permeability through the intestinal mucus and epithelium by protecting these compounds 
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from degradation in the gastrointestinal tract (Chai et al., 2018; Tarone et al., 2020). 

Generally, an encapsulated system contains a matrix in which the core material is 

suspended and a wall material in which the entire core is surrounded. However, as per 

encapsulating the probiotics reservoir-type microcapsules are generated (Figure 7).  

 

 

 

 

Figure 7: Schematic diagram of an encapsulated system. For example, probiotics or 

anthocyanin is the core material and is usually suspended in encapsulating matrix coated 

by wall or shell material.  

2.6.2 Encapsulating agents 

The use of wall materials or encapsulating agents in the encapsulation process 

depends on the nature of the material, capsule characteristics, and the desired environment 

of disintegration (Mortazavian et al.,2007). Those wall materials can be used either alone 

or in a composite form. Generally, in the pharmaceutical industry, composite wall materials 

are much favored, as single wall material doesn't possess all the desired characteristics. 

These materials can be either organic or inorganic. Based on the molecular configuration 

and functional groups present, those monomers and polymers exhibit specific 

functionalities such as the ability to form gels (Krasaekoopt, 2013). The choice of 

encapsulating agent is very important for the proper encapsulation efficiency (EE), the 

stability of the active compounds in the microparticles during storage, and the release 

properties in foods and the gastrointestinal tract (Robert & Fredes, 2015).  

Matrix  

Wall material  

Core material 

(Bioactive 
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2.6.2.1 Maltodextrin and inulin as anthocyanin encapsulating agents 

In the microencapsulation of anthocyanins, maltodextrin (MD) is essential for 

preserving the integrity of anthocyanins for encapsulation (Ibrahim Silva et al., 2013). MDs 

are starch hydrolysates produced by partially hydrolyzing starch with acid or enzyme ( 

Figure 8a) and possess good water solubility, low sugar content, and low viscosity values 

even at high concentrations (Akdeniz et al., 2017). Besides, MD produces colorless 

solutions and therefore, the original color of the bioactives is less altered. However, MD is 

a digestible polymer, and the encapsulated bioactive compounds tend to release quickly 

upon digestion exposing them to harsh gastric conditions (González et al., 2020). 

Moreover, MD is deficient in terms of emulsification properties and surface-active features 

(Nguyen et al., 2022). Therefore, to produce stable micro-capsules, MD is usually 

combined with other wall materials such as gum Arabic (Lopes et al., 2019), xanthan gum 

(Antigo et al., 2020), and inulin (Lacerda et al., 2016).  

Figure 8: Chemical structures of a) maltodextrin and b) inulin 

Inulin (IN) is a slightly branched (<5%) fructo‐oligosaccharide, composed of β‐(2-1) linked 

fructose units (Figure 8b). Although IN is moderately water soluble, its β-(2-1) glycosidic 

a) b) 
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bonds make it indigestible by humans, in contrast with maltodextrin, but largely digestible 

by certain microorganisms in the gut. Therefore, IN has been reported as a colonic delivery 

biopolymer, since it can pass relatively intact through the upper part of the gastrointestinal 

tract, reaching the colon where the bioactive compounds can be released (de Vos et al., 

2010).  

2.6.2.2 Freeze-drying as an encapsulating technology  

Encapsulating techniques can be classified into three types, chemical, 

physicochemical and physicomechanical methods and are widely used for 

microencapsulation of several pharmaceuticals and plant bioactives (Kandasamy & 

Naveen, 2022b). Spray drying, freeze-drying, extrusion, coacervation, gelation, spray 

freeze-drying, fluidized bed coating, anti-solvent precipitation and layer-by-layer 

deposition are some of the examples of the above categories. However, the encapsulation 

technique that will be utilized should provide high loading capacity, high encapsulation 

efficiency, improved stability of the compound with high shelf-life, and high 

bioavailability (Basar et al., 2021). Even though spray drying is still popular in 

encapsulating bioactives, the use of high temperatures in evaporation can promote the 

degradation of core materials (Rezvankhah et al., 2019). In contrast to that, freeze-drying 

or lyophilization has been engaged in encapsulating heat-sensitive bioactive compounds 

(Pudziuvelyte et al., 2020). Freeze-drying-based encapsulation involves the generation of 

an emulsion solution formed by the target compound and the encapsulating materials to 

later convert them into microcapsules applying the freeze-drying technique. Lyophilization 

includes three stages: freezing, primary drying, and secondary drying (Kandasamy & 

Naveen, 2022a). To carry out this process, firstly the material of interest is frozen, and then, 
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a high-pressure vacuum is applied to sublimate the water, obtaining a dry final product. 

Since this process is performed in a vacuum and at a low operating temperature, the number 

of deterioration reactions is dramatically reduced. The freeze dryer consists of sets of units 

including a drying chamber, a vacuum system, a refrigeration or cooling system, a heating 

system, and an electronic control unit (Carpena, et al., 2021). Since freeze-drying is a 

combination of sophisticated units, usually freeze-dried products are considerably 

expensive. However, freeze-dried products have a high quality because the process takes 

place under moderate conditions contributing to the formation of highly porous solids with 

good sensory attributes (Abascal et al., 2005). The maintenance of these natural properties 

enhances the self-protection of the molecules and improves their delivery (Carpena et al., 

2021). However, the use of sugars (glucose, sucrose, oligosaccharides such as inulin), 

polysaccharides (starch, alginate, maltodextrin) or gums (Arabic, guar, carrageenan) is 

essential in enhancing the cell viability of probiotics and preserving the biological activity 

of heat-sensitive compounds such as anthocyanins (Abascal et al., 2005; Gul & Atalar, 

2019). The freeze-dried powders are most noticeable with irregular agglomerates and a thin 

porous sheet-like material and have lower storage stability as they are highly hygroscopic 

in nature (Laokuldilok & Kanha, 2017). The EE, stability, and physical properties of the 

powder can be profoundly impacted by the composition and type of wall material. 

Maltodextrin is the most popular wall material that has been widely used in this technique. 

Mixing this wall material with other encapsulating agents has been examined to effectively 

preserve anthocyanins and produce better physical properties (Mohammadalinejhad & 

Kurek, 2021).  
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CHAPTER 03: MATERIALS AND METHODS 

3.1 Instruments and chemical reagents  

 Water bath (ISOTEMP 205, Fisher Scientific, Mountain View, CA, USA), 

centrifuge (Sorvail Legend Micro 21 R, Thermo Fisher Scientific Inc., Waltham, MA, 

USA), large capacity centrifuge (Damon/ IEC model CU-5000, San Diego CA, USA) 

microplate reader (Tecan Infinite® M200 PRO, Morriscille, NC, USA), nitrogen 

evaporator (N-EVAP™ 111, Organomation Associates Inc., Berlin, MA, USA), micro 

centrifuge (Sorvail ST 16, Thermo Fisher Scientific Inc., Waltham, MA, USA), freeze 

dryer (Dura-Dry™ MP FD-14-85BMP1, DJS Enterprises, Markham, ON, Canada), 

commercial blender (HBB909, Hamilton Beach Brands Inc., Glen Allen, VA, USA), coffee 

grinders (Black & Decker smart grind, Towson, Maryland, USA), rotary evaporator 

(Heidolph RotaChill, UVS400-115, Thermo Electron Corporation, Milford, MA, USA), 

ultrasonic bath of 20 kHz/1000 Watts (model 750D, VWR, West Chester, PA, USA), 

digital hand-held refractometer (Digital refractometer 300016, SPER SCIENTIFIC, 

Scottsdale, AZ, USA), mini shaker (980334, VWR International, Edmonton, AB, Canada), 

heat block (Isotemp® 2001, Fisher Scientiic, Ottawa, ON, Canada), gel electrophoresis 

unit (BIO-RAD Mini PROTEIN® Tetra cell gel electrophoresis unit with Bio-Rad 

powerpal ™ Basic- Singapore), electro transfer system (BIO-RAD Trans- Blot® Turbo™ 

system, Hercules, CA, USA), Digital imaging system (BIO-RAD chemidoc MP™ imaging 

system-unversal hood III, Bio-Rad Laboratories, Inc. Hercules, CA, USA), magnetic stirrer 

( 410N0046, Fisher Scientific, Ottawa, ON, Canada), water activity meter (AQUALAB 

4TE, Metergroup, Pullman, WS,USA), moisture analyzer (A&D MF-50, Wood Dale, IL, 

USA), scanning electron microscope (8211011147, ZEISS Sigma 300 VP FESEM, Carl 
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Zeiss Microscopy, Munich,Germany), particle size distribution analyzer (HoriBA, Partica 

LA-950 V2, Minami-ku Kyoto, Japan), and Fourier transmission-Infrared 

Spectrophotometer (Spectrum Two, PerkinElmer, Waltham, MA, USA) were used for the 

experiments.  

 Maltodextrin was purchased from ProteinCo (Quebec, Canada) and inulin (08648, 

Fruitafit, HD, chicory root fiber) was purchased from Sensus, Royal cosun company 

(Lawrenceville, NJ, USA). Dextran sulfate sodium - colitis grade (MFCD0008155, 

Molecular weight 36,000-50,000) was purchased from MP biomedicals, Santa Ana, CA, 

USA). 11 strain probiotic powder was purchased from Custom Probiotics Inc. (Glendale, 

CA, USA). Primary antibodies required in western blot analysis, , claudin-2 (E1H90) 

Rabbit, mAb 48120, BCL-2 (D17C4) rabbit mAb (mouse preferred) 3498, BAX ( D3R2M) 

rabbit mAb (Rodent preferred) 14796, IL-6 (D5W4V)XP® ) rabbit mAb (Mouse specific) 

12912, TNF-α (Cat: 3707) and anti-rabbit IgG, HRP-linked Antibody (Cat: 7074) were 

purchased from Cell Signaling Technology (Danvers, MA, USA) whereas, claudin-3 

(ab15102), claudin-4 (ab15104), occludin (ab222691), and HRP anti-beta actin antibody 

(mAbcam 8226) - loading control (ab20272) were purchased from Abcam Inc. (Toronto, 

ON, Canada). Alanine transaminase colorimetric activity assay kit (700260-96), and 

aspartate aminotransferase colorimetric activity assay kit (701640-96) were purchased 

from CEDARLANE (Burlington, ON, Canada).  

3.2 Animals 

Ethical approval for animal use was obtained from the Dalhousie University 

Committee on Laboratory Animals (UCLA) (Protocol number: 19-098). Six weeks old 

male Balb/c mice were purchased from Charles River Canada (Lasalle, QC, Canada). 
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Animals were housed under sterile conditions in the Carleton Animal Care Facility, Tupper 

Building, Dalhousie University, Halifax, NS, Canada. and fed on a sterilized regular chow 

diet and water was supplied ad libitum. 

3.3 Laboratory analysis 

The experiment was conducted in three main phases: i.) extraction and 

concentration of haskap berry anthocyanin, ii.) microencapsulation of haskap berry 

anthocyanin, and iii.) animal experimental model of acute colitis.  

3.3.1 Extraction and concentration of haskap berry anthocyanin  

Well-ripen haskap berry fruits (°Brix value of 16.8, variety Tundra) frozen at -20°C 

were used in the process of extraction of anthocyanin. First, the berries were freeze-dried 

in a freeze-dryer (Dura-Dry™ MP FD-14-85BMP1, DJS Enterprises, Markham, ON, 

Canada), ground using a coffee grinder (Black & Decker smart grind, Towson, MD, USA), 

and the resulted powder was stored in airtight boxes at -80°C. The anthocyanin extracts 

were prepared according to the method described previously (Celli et al., 2015). The 

ground berry powder was mixed with extraction solvent (80% ethanol, 0.5% formic acid, 

19.5% distilled water) at a ratio of 1: 25 (w/v) and sonicated for 20 min at a constant 

temperature of 35 ºC in an ultrasonic bath of 20 kHz/1000 Watts (model 750D, VWR, West 

Chester, PA, USA). The resulting ethanolic extract was filtered through P2 grade filter 

papers (09-805-5C, Fisher Scientific, Ottawa, ON, Canada) under a vacuum in semi-dark 

conditions. The remains were washed with ethanol until a clear filtrate was obtained and 

then filtrates (a volume of 17 L) was concentrated (brought down to 2.4 L) in dark using a 

rotary evaporator (Heidolph RotaChill, UVS400-115, Thermo Electron Corporation, 
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Milford, MA, USA) maintaining a temperature of 45 ºC in the water bath and -9 ºC chiller 

temperatures at a speed of 80 - 100 rpm.  

The concentrated extracts were further purified to obtain sugar-free anthocyanin 

extracts by solid-phase column chromatography. The column loaded with Sepabeads Resin 

(cat # 207-1, Sorbent Technologies, Atlanta, GA, USA) was preconditioned with deionized 

water and equilibrated overnight using 50% aqueous ethanol. About 1 L of concentrated 

anthocyanin extract was loaded into the column. The water-soluble sugar fraction was 

slowly eluted with deionized water. °Brix value of eluent was measured (≤ 0.1) by 

refractometer (Digital refractometer 300016, SPER SCIENTIFIC, Scottsdale, AZ, USA) 

to confirm the removal of sugar. The non-sugar fraction was eluted with 20%, 70%, and 

95% in an ethanol gradient. The elute was collected as °Brix reached zero. It was then 

rotary evaporated and freeze-dried, as described before, to obtain sugar-free anthocyanin-

rich haskap berry fraction (AHF). Powdered anthocyanin-rich fractions were stored at -80 

ºC in dark airtight containers. 

3.3.2 Microencapsulation of sugar-free anthocyanin  

 For microencapsulation, MD and IN were selected as the wall materials and 

anthocyanin extraction as the core material. The microencapsulation process was adopted 

from  Mahdavi et al. (2016) while increasing the final solid content of the encapsulation 

mixture from 20% to 40%. Briefly, MD and IN at a ratio of 3:1 (Michalska et al., 2019) 

were added in 5 mL of deionized water, mixed using a magnetic stirrer (410N0046, Fisher 

Scientific, Ottawa, ON, Canada) for 90 sec, and kept overnight at 4±2 °C for rehydration. 

The wall material solution was then mixed with anthocyanin powder (adhering to four 

different wall/core material ratios- 1:1, 1:1.5,1:2, and 1:3) to get 40% of final solid content 
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and stirred till the content was well dissolved. The resulting mixture was subsequently 

frozen at -20°C and freeze-dried (-45 °C for 72 h). The freeze-dried powders prepared in 

quadratic samples were then weighted, carefully collected into airtight containers, and 

stored in a desiccator at -20°C until further analysis.  

3.3.2.1 Encapsulation efficiency 

 To determine the encapsulation efficiency, total anthocyanin content (TAC), and 

surface anthocyanin content (SAC) were calculated according to the method of Idham et 

al. (2012). To obtain the TAC, about 100 mg of microparticles were weighted and 1 mL of 

deionized water was added. It was mixed well and sonicated at 35 °C for about 1 min. It 

was then added with 1 mL of formic acid and 9 mL of absolute ethanol followed by 

sonication for 5 min at the same temperature mentioned earlier. The content was 

thoroughly mixed and centrifuged (Damon/ IEC model CU-5000, San Diego CA, USA) at 

5000 rpm for 10 min. The supernatant was carefully collected, and a 10% diluted sample 

was prepared by adding absolute ethanol. To determine the SAC, microparticles (100 mg) 

were added with 10 mL of absolute ethanol and vortex for 10 seconds, followed by 

centrifugation at 3,000 rpm for 3 min. The supernatant was collected and used in TAC 

quantification.  

TAC determination by pH differential spectrophotometric method   

TAC and SAC were determined using the pH differential method as stated in AOAC 

International (2006) using potassium chloride buffer at pH 1.0 (0.025 M) and sodium 

acetate buffer at pH 4.5 (0.4 M). The samples and buffers were mixed in a ratio of 1:4, 

vortex for a few seconds, and the absorbance was measured at 520 and 700 nm using the 



47 

 

microplate reader (Tecan Infinite® M200 PRO, Morriscille, NC, USA). The samples were 

diluted accordingly.  

The TAC was calculated as the equivalents of C3G according to the following equation: 

TAC (mg/L) = ∆Aε × 1 × M × 103 × D 

Where ∆A= (A520 pH 1.0–A700 pH 1.0) − (A520 pH 4.5–A700 pH4.5); ε (molar 

extinction coefficient) = 26,900L/mol/cm for C3G; 1, path length in cm; M (molecular 

weight) = 448.8 g/mol for cyanidin-3-glucoside; D, dilution factor; 103, conversion from 

gram to milligram. The following equations were used to calculate the encapsulation 

efficiency (% EE) using the results from the TAC and SAC contents. 

𝐸𝐸 % =  
(𝑇𝐴𝐶 − 𝑆𝐴𝐶)

𝑇𝐴𝐶
∗ 100 

3.3.2.2 Encapsulation yield, anthocyanin recovery, and retention  

The encapsulation yield and anthocyanin recovery were calculated according to the 

following equations (Fredes et al., 2018).  

      𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑦𝑒𝑖𝑙𝑑 %

=
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑚𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑑𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
∗ 100 

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑚𝑔) 

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑔)
∗ 100 

The anthocyanin retention % was calculated using the equations adopted from Norkaew 

et al. (2019).  

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 % =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
∗ 100 

 

𝐴𝑐𝑡𝑢𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑛𝑡ℎ𝑜𝑐𝑦𝑛𝑎𝑖𝑛 𝑖𝑛 𝑑𝑟𝑖𝑒𝑑 𝑝𝑜𝑤𝑑𝑒𝑟 (𝑚𝑔)

𝑇𝑜𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑤𝑑𝑒𝑟 (𝑚𝑔) 
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𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑛𝑡ℎ𝑜𝑐𝑦𝑛𝑎𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑔)

𝑇𝑜𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑 (𝑚𝑔) 
 

3.2.2.3 Anthocyanin quantification by UPLC-ESI-MS  

Microencapsulated AHF powder and original freeze-dried powder were analyzed using 

ultra-pressure liquid chromatography (UPLC) coupled with electrospray ionization (ESI) 

and mass spectrometry (MS) (Waters, Milford, MA, USA) for the identification and 

quantification of major individual anthocyanin (Rupasinghe et al., 2008). Briefly, powders 

were dissolved (1 mg/1 mL) in ethanol containing 0.5% formic acid to obtain a final 

concentration of 1,000 mg/ L. It was mixed well and sonicated at 35 °C for about 5 min 

and then centrifuged (Damon/ IEC model CU-5000, San Diego CA, USA) at 5,000 rpm 

for 10 min. The supernatant was carefully collected and filtered through 0.22 μm nylon 

syringe filters. An Aquity BEH C18 (100 mm × 2.1 mm, 1.7 μm) column (Waters, Milford, 

MA, USA) was used. For the analysis of anthocyanin compounds, ESI in positive ion mode 

(ESI+), with a capillary voltage of 3000 V, nebulizer gas 375 °C, and a flow rate of 0.35 

mL/min was used. Individual compounds were identified using the single ion monitoring 

mode using specific precursor-production transition: m/z 449 for C3G, 661 for cyanidin-

3,5-diglucoside, 463 for peonidin-3-glucoside and 595 for cyanidin-3-O-rutinocide 

(Gouvêa et al., 2012, Razgonova et al., 2021, De Silva & Rupasinghe, 2020).  

3.3.2.4 Determination of the physical properties of microparticles  

 The moisture content of the microparticles was determined using a moisture 

analyzer (A&D MF-50, Wood Dale, IL, USA) and water activity was determined using a 

water activity meter (AQUALAB 4TE, Metergroup, Pullman, WAUSA). The 

hygroscopicity of powder was measured under saturated sodium chloride (NaCl) solutions 

(Relative humidity of 75%) in desiccators. Samples were weighted after 1 week and the 
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hygroscopicity was expressed as grams of absorbed moisture per 100 g of dry solids 

(Khazaei et al., 2014). The water solubility index (WSI) of powders was measured by 

weighing 0.5 g of samples dissolving in 50 mL of distilled water and stirring at room 

temperature for 30 min. The suspension was then transferred to a 50 mL falcon tube and 

centrifuged at 3,000 rpm for 5 min. Aliquots of the supernatant were then transferred to 

pre-weighted Petri dishes and dried at 105°C for 5 h and final weights were taken. The bulk 

density (ρbulk) of the powders was measured by weighing 1 g of the sample and placing it 

in a 10 mL graduated cylinder. The cylinder was tapped by hand and the bulk density was 

calculated as the ratio between the mass of powder contained in the cylinder and the volume 

occupied (Ferrari et al., 2013).  

3.3.2.5 Powder morphology and particle size  

 A scanning electron microscope (SEM) was used to study the outer structural 

appearance of the microparticles. The samples were attached to stubs using a two-sided 

adhesive tape and sputter coated with gold/palladium combination (4-10 nm) for 100 s at 

30 mA which was operated at 15 kV. The size of the microparticles was analyzed using 

the particle size analyzer (HoriBA, Partica LA-960 V2, Burlington, ON, Canada) at the 

Department of Physics and Atmospheric Science, Dalhousie University.  

3.3.2.6 Fourier-transform infrared (FTIR) spectroscopy  

 FTIR analysis of microencapsulated particles and wall materials was performed 

using FTIR spectrophotometer (Spectrum Two, PerkinElmer, Waltham, MA, USA 

). The wavelength range was set from 4,000 to 400 cm-1, while the resolution was 4 cm-1.  
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3.3.3 DSS-induced acute colitis model in vivo 

In the final phase of the study, the effect of dietary supplementations of non-encapsulated 

AHF and encapsulated AHF with or without probiotic supplementations (Lactobacillus 

acidophilus, Lactobacillus rhamnosus, Lactobacillus salivarius, Lactobacillus plantarum, 

Lactobacillus casei, Lactobacillus lactis, Bifidobactium breve, Bifidobactium infantis, 

Bifidobactium longum, Bifidobactium bifidum, Bifidobactium lactis) on the DSS-induced 

acute colitis model of mice was investigated. According to the results obtained from the 

microparticle analysis, the wall material/core ratio of 1:1.5, was selected to produce the 

anthocyanin microparticles used in vivo.  

3.3.3.1 Determination of dietary supplementary doses  

To the best of current knowledge, there is no recommended dietary allowance (RDA) value 

for anthocyanin consumption. Therefore, based on the reported literature, an intake of 2 g 

of anthocyanin/human/day was considered the safe limit for anthocyanin consumption with 

therapeutic effects (Thomasset et al., 2009).  Therefore, a dietary supplement for a 20 g 

weight Balb/c mouse was estimated to be 6.2 mg C3G equivalents/mouse/day, which is 

calculated according to the following formula below; where the Km factor for mice and 

adult humans is 3 and 37, respectively (Nair & Jacob, 2016).  

𝐻𝑢𝑚𝑎𝑛 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 (
𝑚𝑔

𝑘𝑔
) = 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (

𝑚𝑔

𝑘𝑔
) ×

𝐴𝑛𝑖𝑚𝑎𝑙 𝐾𝑚

𝐻𝑢𝑚𝑎𝑛 𝐾𝑚
 

The powder weight of the probiotic supplementation was determined considering the dose 

of live bacteria originally present in the mixture (2.6 × 1011 / g), which satisfied the safe 

dosage of 1 × 109 CFU/g of probiotics/mouse/day (L. L. Chen et al., 2009; Suwal et al., 

2018). The measured amounts were mixed accordingly into regular mouse chow 
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(Prolab®RMH 3000 from LabDiet, St. Louis, MO, USA) and formed into a 2 g (dry 

weight) pellet. Regular mouse chow hard pellets were ground using a commercial blender 

(HBB909, Hamilton Beach Brands Inc., Glen Allen, VA, USA). Pellets were prepared 

every three days and stored in sealed containers in the dark at 4 °C. 

3.3.3.2 Experimental design  

The experiment was designed to investigate the effect of five different dietary interventions 

on DSS-induced acute colitis in mice compared to the control (regular chow with no DSS 

administration), and the disease model (regular chow with DSS administration) groups 

(Figure 9). Mice were housed individually in filter-topped plastic cages and maintained 

under 12-h light-dark cycles. After one week of acclimation, mice were randomly divided 

into seven dietary groups (n=5 in each). Respective diets were introduced on day 8th and 

besides the control group, which received the sterile drinking water, all other groups were 

supplied with 3% DSS-added sterile drinking water from day 13th to day 19th. The initial 

body weight of the mice was taken at end of the acclimation period and continued till they 

were sacrificed. Feed intake and water consumption were monitored throughout the 

experimental period. Starting from the 3% DSS administration, stool consistency was 

recorded and evaluated for occult blood using Hemoccult blood test strips (Hemoccult II, 

Beckman-Coulter, Brea, CA, USA). Finally, mice were euthanized by overdosing on 

isoflurane in an anesthetic chamber supplemented with sufficient oxygen after the fecal 

matter was collected.  

3.3.3.3. Organ and blood harvesting  

Portal vein blood was collected using a 1 mL needle. Blood samples were incubated at 

room temperature for 1 h to separate the serum by spinning down at 2,000 rpm × g for 15 
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min at 4°C and then stored at -80 °C for further analysis. The colon was isolated by 

trimming at the ileocecal junction and the distal end of the rectum and the total length was 

measured. Colon contents were removed, weighed, and partitioned into two sections 

longitudinally. One section was processed into Swiss Roll and the rest was snap-frozen and 

stored at -80 °C until further processing. The spleen was harvested, weighed, snap frozen, 

and stored at -80 °C and the spleen index was calculated as spleen weight (mg) to body 

weight (g) ratio (Xiong et al., 2012). 

 

3.3.3.4 Disease activity index (DAI) 

The DAI was used to evaluate the grade and extent of intestinal inflammation; a composite 

score derived from a compilation of relative body weight loss, stool consistency, and occult 

blood in the stool measurements (Table 1). 

Table 1. Clinical symptoms of colitis were used to calculate the DAI (Qian et al., 2020).  

Score Weight loss % Stool consistency Occult blood 

0 None Well-formed pellets Negative 

1 1-5%   

2 5-10% Loose stools Hemoccult positive 

3 10-20%   

4 >20% Diarrhea Gross bleeding 
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3.3.3.5 Liver toxicity tests 

The levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in 

mice serum were measured using the ALT colorimetric activity assay kit (700260, Cayman 

CHEMICAL, Ann Arbor, MI, USA) and AST colorimetric activity assay kit (701640, 

Cayman CHEMICAL, Ann Arbor, MI, USA) respectively by following the manufacturer’s 

Figure 9: Schematic representation of DSS-induced acute colitis experimental model 

of male Blab/c mice. All experimental groups (n=5 in each) were housed with 12 h 

light/dark cycle facilitating regular chow diet and water ad libitum for 1 week of acclimation 

period. All groups were introduced either drinking water or 3% DSS in drinking water at 

day 12 for 1 week. Dietary supplementary groups were, control (regular chow + drinking 

water), experimental model (regular chow + 3% DSS in water), Treatment 1 (regular chow 

+ non-encapsulated AHF + 3% DSS in drinking water), Treatment 2 (regular chow + 

probiotics + 3% DSS in drinking water), Treatment 3 (regular chow + non-encapsulated 

AHF + probiotics + 3% DSS in drinking water), Treatment 4 (regular chow + encapsulated 

AHF + 3% DSS in drinking water), and Treatment 5 (regular chow + encapsulated AHF + 

probiotics + 3% DSS in drinking water).  
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instructions. All reagents were equilibrated to room temperature before beginning the 

assays and the final volume of the wells was 210 µL.  The assays were conducted in 

triplicates. Respective reagents provided with the assay kits were mixed accordingly to 

obtain positive control wells (150 µL of the substrate, 20 µL of the cofactor, 20 µL of 

positive control) and sample wells (150 µL of the substrate, 20 µL of the cofactor, 20 µL 

of mouse serum). Plates were covered and incubated at 37 °C for 15 min. The reactions 

were initiated by adding respective initiator reagents (20 µL) and absorbance was measured 

at 340 nm using a microplate reader (Tecan Infinite® M200 PRO, Morriscille, NC, USA) 

once every min for 10 min at 37°C. Change in the absorbance respective to the time was 

calculated and ALT and AST activities were determined using the following equation.  

𝐴𝐿𝑇 𝑜𝑟 𝐴𝑆𝑇 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈𝑚𝐿−1 )
∆𝐴340/ min∗ 0.21 𝑚𝐿

4.11 𝑚𝑀−1 ∗ 0.02 𝑚𝐿
 

3.3.3.6 Western blot analysis  

 The presence of TJ proteins (Occludin, claudin 2, claudin 3, and claudin 4), IL-6, 

TNF-α, bcl-2-like protein 4 (BAX), and B-cell lymphoma 2 (BCl-2) expression in mouse 

colon tissues were measured by western blot analysis. A composite sample of mice colon 

tissues from each dietary group was prepared (n=5 per group, weight of the composite 

sample ≈ 500 mg) by finely grounding the tissues using pallet pestle Eppendorf tubes. 

Tissue samples were kept on ice during the preparations. An aqueous solution of radio-

immunoprecipitation assay (RIPA) buffer was prepared by combining 50 mM Tris HCl, 

150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,1 mM 

ethylenediaminetetraacetic acid (EDTA), and 10 mM sodium fluoride (NaF). RIPA buffer 

was mixed with the ×100 protease inhibitor cocktail (10 µL/1 mL of RIPA) and mixed 
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thoroughly with ground mice tissues (500 mg of tissue/3 mL of RIPA). Eppendorf tubes 

were immediately placed on ice and incubated for 30 min followed by centrifugation at 

12,000 × g for 20 min (at 4 °C) using a micro-centrifuge (Legend MICRO 21R, Cat: 

75002446, Thermo Fisher Scientific, Osterode, Germany) to collect the protein-rich 

supernatant. Protein concentrations of the supernatants were estimated by Bradford assay 

using Pierce™ Coomassie (Bradford) protein assay kit (Cat: 23200, Thermo Fisher 

Scientific, Rockford, IL, USA). A series of albumin protein solutions (0, 25, 125, 250, 500, 

1,000, 1,500, and 2,000 µg/mL) were prepared using the stock solution vial (2 mg/mL) 

provided with the assay kit. A volume of 5 µL of each protein sample + RIPA buffer and 

prepared protein standards were pipetted on a clear fat bottom 96-well plate in triplicates 

and wells were added with 200 µL of Coomassie solution. The plate was shaken thoroughly 

to mix the contents and incubated for 30 min at 37 °C. The absorbance values were read at 

595 nm using the microplate reader (Infinite® 200 PRO, Tecan Trading AG, Mannedorf, 

Switzerland), and protein content in samples was determined by a standard curve. 

Extracted protein samples were denatured using a blue loading buffer pack (Cat: B7703S, 

New England BioLabsTM Inc., Ipswich, MA, USA). In brief, 3× reducing blue loading 

buffer was prepared by mixing 30× reducing agent and 3× blue loading buffer at a ratio of 

1:10. Protein solutions and 3× reducing buffer were mixed in 2:1 ratio in Eppendorf tubes 

and heated for 5 min at 95°C on a heating block. Denatured protein samples were further 

diluted with a mixture of RIPA buffer and 3× reducing blue protein loading dye (2:1 ratio) 

to obtain a similar protein concentration in each sample. Denatured proteins were separated 

on a 4–20% precast polyacrylamide gels (#4568095, Mini-PROTEAN® TGX Stain-

Free™ Protein Gels, Bio-Rad Laboratories Inc., Hercules, CA, USA) by electrophoresis. 
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Polyacrylamide gels were set with the running module of BIO-RAD Mini PROTEAN® 

Tetra Cell unit. The running module was then filled with 1 × SDS running buffer (25 mM 

Tris base, 192 mM glycine, and 0.1 % SDS). An amount of 7 µL of Precision Plus 

Protein™ Dual Color Marker (Precision Plus ProteinTM Dual Color Standards, Cat: 161-

0374, Bio-Rad Laboratories Inc., Hercules, CA, USA) and protein extracts containing 150 

µg of proteins were loaded into the wells accordingly. The SDS-PAGE gel electrophoresis 

was performed for 1.5 h at 90 V and 400 mA. Proteins which were separated on precast 

gels were then transferred onto a polyvinylidene difluoride (PVDF) membrane (Cat: 

88518, Thermo Fisher Scientific, Rockford, IL, USA) using a Trans-Blot® Turbo™ 

Transfer System (Cat: 1704150, Bio-Rad Laboratories, Inc. Hercules, CA, USA). 

Activation of PVDF membranes was done by immersing in 100 % methanol for 10 seconds 

followed by equilibrating in transfer buffer (pH-8.3, 25 mM Tris, 192 mM glycine, and 

20% methanol) for 20 min by subjecting to gentle rocking. Thick blotting papers (Cat: 

1703966, Bio-Rad Laboratories Inc., Hercules, CA, USA) were also equilibrated in a 

transfer buffer under the same conditions. A transfer sandwich was built placing PVDF 

membrane and mini-gel in between two thick blotting papers. Protein transfer was carried 

out for 30 min at 20 V and 1 A in Trans-Blot® Turbo™ Transfer System. Electro-

transferred PVDF membranes were then blocked with commercially available 5% non-fat 

milk in 1× Tris-buffered saline (20 mM Tris-HCl, pH 7.6, 200 mM NaCl) containing 0.1% 

Tween 20 (TBST) (Cat: 9997S, Cell signaling Technology, Danvers, MA, USA) for 1 h at 

room temperature with gentle shaking on a rocker. Blocked PVDF membranes were 

incubated with primary antibodies in 5% aqueous bovine serum albumin (BSA) solution at 

4 °C for overnight while shaking. BAX, BCL-2, TNF-α, IL-6, occludin, claudin-2, claudin-
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3 and claudin-4 primary antibodies were diluted at 1:500 (v/v) ratio. β-Actin levels in 

protein samples were measured as the housekeeping protein (1:3,000 v/v antibody dilution) 

to normalize the levels of measured primary antibodies. PVDF membranes incubated with 

primary antibodies were washed with TBST (10 min × 3) and probed with HRP 

(Horseredish peroxidase)-linked anti-rabbit secondary antibodies (1:2,000 v/v antibody 

dilution) in 5% aqueous BSA solution for 1 h at room temperature. PVDF membranes were 

then washed with TBST (10 min × 3) and developed by using enhanced 

chemiluminescence (ECL) based ClarityTM and Clarity MaxTM Western ECL substrate 

Kit (Cat: 1705060, Bio-Rad Laboratories Inc., Hercules, CA, USA) which mixed in 1:1 

ratio. PVDF membranes were incubated for 5 min with ECL substrate solution, placed in 

two transparent plastic sheets and imaged using BIO-RAD Chemidoc MP™ imaging 

system (Universal hood III, Bio-Rad Laboratories Inc., Hercules, CA, USA) under chemi-

hi sensitivity blot settings in signal accumulation mode. The blot images were analyzed for 

protein band intensities by Image lab version 6.0.1 software (Bio-Rad Laboratories Inc., 

Hercules, CA, USA) and protein levels were normalized by comparing with β-actin levels 

and control.  

3.3.3.7 Enzyme-linked immunosorbent assays (ELISA) 

Inflammatory markers (TNF-α, IL-1β, and IL-6) in mouse serum were measured using 

mouse TNF-α, SimpleStep ELISA® Kit (ab208348), mouse IL-1β, SimpleStep ELISA® kit 

(ab197742), and IL-6 Mouse ELISA Kit (ab46100), respectively (Abcam Inc. Toronto, 

ON, Canada) according to the manufacturer’s instructions. All reagents were equilibrated 

to room temperature prior to use. TNF-α and IL-1β assays were conducted in a similar way. 

In brief, a volume of 50 µL of serum samples (with no dilution) and standards (prepared 
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by reconstituting the respective protein standards by adding 100 µL of deionized water) 

were added to appropriate wells in a 96-well microplate. An amount of 50 µL of antibody 

cocktail was also added to each well. It was sealed and incubated for 1h at room 

temperature on a plate shaker at 400 rpm. Each well was washed with 3 × 350 µL 1 × wash 

buffer until the liquid is completely removed. TMB development solution (100 µL) was 

added to each well and incubated in dark on the plate shaker at 400 rpm. A 100 µL of stop 

solution was added to each well and absorbance was measured at 450 nm. Sample 

concentrations were calculated by plotting a standard curve. To determine the IL-6 in mice 

serum samples, 100 µL of each standard and 4-fold diluted serum sample were added in 

appropriate wells in 96 well microplates. 1 × Biotinylated anti-IL-6 (50 µL) was added to 

each well and the covered plate was incubated for 3 h at room temperature. The plate was 

then washed with 1 × wash buffer 3 times. A 100 µL of 1 × streptavidin-HRP solution was 

added to each well and incubated again for 30 min. The wells were washed as described 

earlier. A 100 µL of chromogen TMB substrate solution was added and incubated at the 

dark for 25 min at room temperature. Finally, the reaction was terminated by adding a stop 

reagent (100 µL). Absorbance reading was taken at 420 nm and sample concentrations 

were determined using the standard curve method.  

3.3.3.8 Histological evaluation 

Mice colon tissue samples made into Swiss rolls were used in histological analysis. 

Cassettes with tissue samples were immersed in containers filled with fixative agents i.e., 

10% acetate buffered formalin (37% formaldehyde, distilled water, and sodium acetate-

3H2O) for 48 h. Formalin was replaced with 2 washes of 70% ethanol. Fixed specimens 

were dehydrated by immersing them in a series of ethanol concentrations (70%, 2 × 95% 



59 

 

and 3 × 100%) for 1.5 h in each. Clearing of the specimens was done to replace the alcohol 

in tissues using a clearing agent, xylene. Specimens were immersed in 50:50 xylene (100% 

ethanol: xylene) and twice in pure xylene (1 h in each solution). Tissues were then 

infiltrated with paraffin wax (Cat: 22-900-700, Fisherbrand™ Histoplast Paraffin Wax, 

Waltham, MA, USA) for 1 h and embedded in paraffin using embedding rings and 

orienting tissue as the swiss roll is captured. Blocks were placed at 4 °C for 15 min to 

solidify. Blocks were cut using a microtome (Leica Rm 2255, Leica Biosystems, ON, 

Canada) to obtain 5 µm sections, and cut sections were placed in a water bath (45 °C) and 

placed on immunostaining slides and dried at 37 °C in an oven for overnight. Slides 

containing paraffin sections were placed in a glass slide holder and deparaffinized by 

submerging them in xylene. Rehydration of the slides was carried out by placing them in 

100% ethanol for 3 × 5 min, 95% ethanol for 2 × 5 min, and 70% ethanol for 2 × 5 min. 

Slides were rinsed with running water to remove the excess ethanol. Slides were dipped in 

Harris hematoxylin solution for 2 min. They were dipped in Scott’s water for another 2 

min, in 0.2% nitric acid for a few seconds and again in Scott’s water (2 min). In between 

two dippings, slides were rinsed off with running water to remove the excess dye. Finally, 

slides were submerged in eosin dye (10 dips) and excess dye was removed by submerging 

in aqueous ethanol (a series of 70 – 100 %) and xylene several times. Processing of the 

samples for hematoxylin and eosin (H&E) staining was carried out at the Histology and 

Research Services Center, Faculty of Medicine, Dalhousie University. The colitis severity 

was measured in a blinded manner by a professional pathologist from the Department of 

Pathology at Dalhousie University. Briefly, the stained tissue sections were visualized 

under a bright-field microscope at 200 × and the histopathologic score was calculated by 



60 

 

combining the scores given for (a) leukocyte infiltration, (b) crypt damage, (c) ulceration, 

(d) edema, and (e) crypt hyperplasia (Appendixes b).  

3.3.3.9 Composition of fecal microbiota 

Effects of dietary supplementations on mouse gut microbiota were investigated by the 16S 

rRNA sequencing technology at the Integrated Microbiome Resources facility of 

Dalhousie University (Halifax, NS, Canada). Bacterial DNA was extracted and purified 

from the feces samples collected on the final day of the experiment by using QIAmp 96 

PowerFecal QIAcube HT (Catalog number: 51531, QIAGEN, Toronto, ON, Canada) 

commercial microbial DNA extraction kit according to the instructions given by the 

manufacturer.  The polymerase chain reaction (PCR) was used to amplify the V4-V5 region 

of the extracted microbial DNA. The 16S rRNA gene V4 – V5 fusion primers (515FB – 

926R) and high-fidelity Phusion polymerase enzyme were used in the amplification 

process. Amplified V4 – V5 region was sequenced by Illumina MiSeq to produce 300 base 

pair paired-end reads. Raw data from DNA sequencing were analyzed by Qiime 2 (version 

2020.8) microbiome bioinformatics software (Caporaso et al., 2010; Comeau et al., 2017) 

and Shannon index, observed operational taxonomical units (OTUs), Faith’s phylogenetic 

diversity (PD), and Pielou’s evenness were calculated.   

3.4 Statistical analysis  

Data were analyzed by one-way analysis of variance (ANOVA) and two-way 

analysis of variance using Minitab statistical software (version 17) at 0.05 % significance 

level (p < 0.05). Results were expressed as the mean ± standard deviation of three 

individual experiments performed in triplicates. Means were compared by Tukey’s and 

Bonferroni’s multiple mean comparisons at p < 0.05 level. 
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CHAPTER 04: RESULTS 
 

The study consisted of three main phases: (i.) extraction, fractionation, and concentration 

of haskap berry anthocyanin; (ii.) microencapsulation of haskap anthocyanin-rich fraction, 

and (iii.) investigation of the effect of anthocyanin-rich haskap fraction (non-encapsulated 

or encapsulated form) with or without combining with probiotics in attenuating the severity 

of DSS-induced acute colitis in Balb/c mice. During the initial phase, haskap berry 

anthocyanin was extracted using ultrasonic-assisted extraction with ethanol as the solvent. 

After fractionation using column chromatography, anthocyanins were concentrated and 

freeze-dried to generate microparticles. Maltodextrin and inulin (MD-IN) in a ratio of 3:1 

was used as wall materials (WM) in the encapsulation process. According to the 

physicochemical parameters assessed, the most reliable ratio of wall material to AHF was 

selected and subsequently used in the acute colitis model in vivo.  

4.1 Microencapsulation of AHF using four different WM:AHF ratios 

 AHF was microencapsulated in an MD-IN matrix using freeze-drying. Assessments 

were taken to investigate the physical properties of particles and encapsulation 

productivity.  

4.1.1 Anthocyanin profiling and physical properties of microparticles 

 The UPLC-ESI/MS analysis was conducted to profile anthocyanin in 

microparticles and freeze-dried AHF powder (Table 2). Four main different anthocyanins 

were detected; cyanidin-3-rutinoside, cyanidin-3-glucoside, cyanidin-3,5-diglucoside and 

peonidin-3-glucoside. All types of anthocyanins were significantly higher in the freeze-

dried AHF powder (P<0.05). The amount of anthocyanins increased with the increase of 

the amount added to microparticles. Among the four tested anthocyanins, cyanidin-3-



62 

 

glucoside was observed in higher amounts than other types. Different physical parameters 

of microparticles were tested to select the most reliable WM: core material ratio (WM: 

AHF-1:1, 1:1.5, 1:2, and 1:3) (Table 2). The moisture content of microparticles was 

between 6.9±0.07- 8.4±0 %. WM:AHF ratio of 1:1.5 showed a significantly lower moisture 

% (P<0.05), whereas WM:AHF ratio of 1:3 showed the highest. However, all tested ratios 

showed similar water activity (aW) in resulted microparticles. The least solubility was 

obtained for the microparticles produced using the 1:2 WM:AHF ratio and the highest was 

observed with 1:1.5 ratio (P<0.05). Statistically similar solubilities were observed for the 

ratios 1:1 and 1:3. Apart from the ratio of 1:1 (P<0.05) all three other ratios produced 

particles with similar bulk density. The hygroscopicity of the particles was also similar in 

all tested ratios (P>0.05). Comparatively, the highest particle diameter was observed with 

1:1 ratio of WM:AHF. The lowest particle diameter resulted in the 1:2 WM:AHF ratio. 

Similarly, the same ratio resulted in the lowest values for D10, D50, and D90 cumulative 

distribution indexes.  

4.1.2 AHF was successfully entrapped in MD and IN matrix 

 Entrapment of anthocyanin in MD-IN matrix was investigated by analyzing FT-IR 

spectrum. Pure wall materials and wall materials + core material were tested separately 

(Figure 10). Pure wall materials resulted with characteristic peaks at <1,000 cm-1, 

indicating the main infrared regions of MD and near 1,072 cm-1 and 1,145 cm-1 indicating 

the C-O-C stretching ring vibrations of carbohydrates. In contrast to that, microparticles 

with AHF, showed novel peaks around the regions of 1,152 cm-1, 1,231 cm-1, 1,330 cm-1, 

1,440 cm-1, 1,608 cm-1, 2,924-2,926 cm-1 and broader and deep peaks around 3,000-3,600 
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cm-1 wavelengths. These results indicate that AHF was successfully loaded into the wall 

material matrix of MD and IN.  

4.1.3 SEM images of microparticles 

 The external structure and morphology of microparticles of AHF (in three different 

magnifications) were displayed in Figure 11. Microparticles produced with all four WM: 

AHF ratios resembled the broken glass structure of variable sizes which is a common 

feature of freeze-dried powders. The particles showed irregular shapes, sharp edges, and 

deep grooves.  

4.1.4 Assessment of the encapsulation productivity 

The encapsulation productivity of microparticles was determined using four different 

parameters: encapsulation efficiency % (EE%), encapsulation yield % (EY%), 

encapsulation retention% (ERT%), and encapsulation recovery % (ER%) (Figure 12). 

These parameters aid in determining the powders with minimum surface anthocyanin and 

the maximum capacity of the anthocyanin loading. The WM: AHF ratio of 1:1.5, showed 

the highest EE% (59.9 ±4.04%). However, all powders produced statistically similar 

encapsulation efficiencies. EY% was increased with incorporated AHF amount producing 

the highest yield (12.2±0.68%) at WM:AHF ratio of 1:3. Besides, the least EY% 

(7.92±1.17%, P<0.05) obtained which resulted in 1:1 ratio, EY% of particles of WM: AHF 

1:1 was different from the rest (P<0.05). WM:AHF ratio of 1:1 produced the least ERT% 

(81.6±1.85%, P<0.05) microparticles whereas, other ratios produced a similar ERT%. 

ERT% also tends to increase with AHF amount in the encapsulation mixture. Considering 

the ER%, particles resulting from 1:1 ratio was lower than that of 1:1.5 and 1:2 (P<0.05). 
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However, the highest ER% (88.9±1.24%) was observed with microparticles with 

WM:AHF ratio of 1:1.5. 

4.2 DSS-induced acute colitis model in vivo 

 WM: AHF of 1:1.5 was selected as the suitable ratio of microparticles based on 

physical properties (low moisture content, higher solubility, less bulk density, and average 

particle size) and encapsulation productivity (higher EE%, ERT%, and ER%).  It was then 

used as one of the dietary supplements in the DSS-induced acute colitis model. Attenuation 

of the severity of colitis was assessed by clinical observations, western blot analysis for 

colonic inflammatory proteins, presence of serum inflammatory markers, histopathology 

evaluation, and feces microbiome analysis.  

4.2.1 Food and water intake, and body weight changes during DSS administration 

 Food intake during the DSS treatment followed the same fluctuating pattern in all 

treatment groups (Figure 13-A). No significant difference was observed between the 

control group and the rest (P>0.05).  Food intake started to reduce by day 3 and the least 

food intake was recorded on day 5 in all groups. Dietary supplementations with probiotics 

alone showed the lowest food intake during the recorded period in which it was 

significantly lower than the amount of the group free AHF + probiotics group at days 5, 6 

and 7 (P<0.05). Similarly, probiotics alone showed less food intake compared to the 

encapsulated AHF+ probiotics group (p<0.05). In addition to that, on day 6, free AHF + 

probiotics showed higher food intake than the free AHF alone group (p<0.05). Water 

consumption by each group during the exposure to DSS was measured to ensure that each 

mouse was exposed to the equivalent quantity of the disease-causing chemical, DSS. 

Figure 13-B shows the average consumption of water by each dietary group, which is 
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averaged over the period of DSS exposure. All DSS groups consumed about the same 

quantity of water (P<0.05) varying from 1.88 mL to 10.17 mL. However, the water intake 

of the control group did not differ from the DSS-treated groups (P>0.05). Body weight (g) 

of mice administered with DSS and fed with regular chow (disease model group) showed 

lower values than the healthy control during the assessment period (Figure 13-C). The 

bodyweight of mice in the control group was gradually increased, while the bodyweight of 

DSS group was sustainably and substantially reduced compared to the control group 

(P<0.05).  All dietary groups that received DSS showed a fairly similar pattern in body 

weight reduction and the weight started to decline on day 4. The disease model group and 

other dietary groups that received DSS showed no difference in body weight (P>0.05). 

However, there is a significant drop in the body weight of mice in dietary groups (free 

AHF, probiotics, free AHF + probiotics, encapsulated AHF and encapsulated AHF + 

probiotics) compared to the healthy control group on days 5, 6, and 7 (P<0.05). The model 

group resulted in the lowest body weight on the final day of the DSS exposure period.  

4.2.2 AHF mitigated the clinical symptoms in DSS-induced colitis mice  

 There was no mortality among the experimental groups. Colons from all groups of 

mice were isolated and measured (length and weight) after the animals were sacrificed. 

The mice in the healthy control group had the significantly largest average colon length of 

10.5±0.79 cm (P<0.05) while mice in the experimental model group had the smallest 

average length of 7.28±0.13 cm (Figure 14-A). Free AHF and free AHF + probiotics groups 

had a significantly larger average colon length (8.52±0.53 cm and 8.38±0.44 cm, 

respectively) than the disease control but significantly smaller than that of the healthy 

control (P<0.05). However, there was no significant change in the colon weight and colon 
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weight to length ratio of the mice among experimental groups (Figure 14-B and 14-C, 

respectively). However, it was prominent that, the colon weight-to-length ratio was 

increased in all DSS-treated groups than in the control group. The ratio between the spleen 

weight to the final day body weight was calculated and represented as the spleen index 

(Figure 14-D). Compared to the control, DSS alone group showed a significant increase in 

spleen index (P<0.05). The spleen index of other groups was not different from the control 

group or the DSS alone group. However, all the groups administered with DSS showed 

higher spleen index values than that of the control group. Disease activity index (DAI), 

which is scored using, weight loss%, stool consistency, and occult blood presence is an 

indicator of the colitis severity (Figure 14-E). The disease model group showed the highest 

DAI on all days and was significantly higher than the healthy control group (P<0.05). DAI 

of the disease model group was higher than the groups of free AHF and probiotics on day 

4 and with all the treatment groups on days 5, 6, and 7 (P<0.05). However, the lowest DAI 

score on all days except on day 3 was received by the free AHF+ probiotics supplementary 

group.  

4.2.3 Supplementary diets and DSS did not cause hepatotoxicity 

 To assess whether the DSS administration or dietary supplementations cause any 

liver injury, serum ALT and AST amounts were examined (Figure 15-A and 15-B 

respectively).  ALT (U/mL) levels were below the upper limit (0.06 U/mL) recorded for 

mouse serum in all treatment groups (Sher & Hung, 2013). However, the disease model 

group demonstrated the highest mean value (0.055±0.022 U/mL) for ALT activity. 

Considering the levels of AST (U/mL) in mouse serum, the disease model group showed a 

significantly elevated level (0.047 ±0.006 U/mL) than the healthy control, probiotics, and 
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free AHF+ probiotics group (P<0.05). Moreover, AST levels in the healthy control group 

were lower than in the mice fed with free AHF (P<0.05). Free AHF+ probiotics 

supplementation was more potent in reducing the serum AST levels than free AHF alone 

in DSS experimental mice. Apart from the disease model and the free AHF groups, other 

treatment groups showed no significant difference in serum AST levels compared to the 

healthy control group (P>0.05).  

4.2.4 Supplementary diets numerically reversed the effect of DSS on BCl-2, BAX, IL-

6, and, TNF-α level 

 The DSS administration increases colonic apoptosis by upregulating the BAX 

expression, downregulating the BCL-2 protein expression, and elevating the inflammatory 

cytokine expression. Colonic expressions of BCL-2, BAX, TNF-α, and, IL-6 (Figure 16-

A, B, C, and D, respectively) were analyzed by western blotting, normalized to 

housekeeping protein β-actin, and presented as compared to the healthy control group. The 

disease model group showed considerably lower expression of BCL-2 compared to the 

control. Dietary supplementations were unable to reverse the effect of DSS on BCL-2 

expression significantly. However, there was a trend in improving the BCL-2 expression 

in groups with dietary supplementations. DSS upregulated the BAX protein expression 

compared to healthy control and supplementary diets only observed with a trend of 

reversing the effect of DSS on BAX expression (P>0.05). There was numerical increase in 

the TNF-α and IL-6 cytokine levels in colonic tissue in all groups administered with DSS 

compared to healthy control (P>0.05). Besides the free AHF+ probiotics diet, other 

supplementary diets failed to downregulate the TNF-α levels (P>0.05). However, there was 
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an effect of supplementary diets on downregulating the expression of IL-6 levels which 

was not statistically significant.  

4.2.5 Effect of DSS and supplementary diets on colonic TJ proteins 

 

 The effect of dietary supplementations on TJ protein expressions in terms of 

occludin, claudin-2, claudin-3, and claudin-4 (Figure 17-A, B, C, and D respectively) in 

colitis mice were determined using western blotting, normalized to housekeeping protein 

β-actin and presented with relevant to the healthy control group. None of the diets were 

able to significantly mitigate the effect of DSS on TJ protein expressions (P>0.05). 

However, there was a trend in modulating the TJ expressions in dietary supplementary 

groups.  

4.2.6 Supplementary diets restored the DSS-induced serum inflammatory cytokine 

expressions 

 Serum inflammatory cytokine levels in terms of IL-1β, IL-6 and TNF-α were 

analyzed using the ELISA method (Figure 18-A, B, and C respectively). The mean serum 

level of IL-6 and TNF-α was higher in DSS alone group compared to the healthy control 

group (P<0.05). The IL-6 level of encapsulated AHF group was significantly higher than 

the healthy control group (P<0.05). However, the supplementary diets of probiotics and 

free AHF + probiotics reduced the serum IL-6 levels (P<0.05), which were not different 

from the control group. Further, diets of free AHF, probiotics, Free AHF+ probiotics and, 

encapsulated AHF significantly reduced the DSS-induced elevation of serum TNF-α levels 

(P<0.05). Neither DSS administration nor supplementary diets showed a change in serum 

IL-1β levels.  
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4.2.7 Supplementary diets reduced the epithelial injury caused by DSS 

 H&E staining was performed to identify the structural changes in mice's colon 

tissues. Histopathology scoring of the colonic tissues was carried out considering the 

edema, presence of ulcers, crypt loss, neutrophil infiltration, and hyperplasia. Control 

mouse colon sections showed an intact epithelium, well-defined crypt length, no edema or 

neutrophil infiltration in mucosa and submucosa, and no ulcers or erosions. In contrast, 

colon tissue from treated mice showed increasingly severe inflammatory lesions 

extensively throughout the mucosa. Compared to the healthy control group (Figure 19-A), 

the disease model group (Figure 19-B) showed a significant increase in histology score 

(P<0.05). All groups treated with DSS showed an increase in histology scores than in the 

healthy control group. However, the group that received encapsulated anthocyanin 

displayed a significant increase in histology score (P<0.05). Among the dietary 

supplementary groups, the free AHF + probiotics group (Figure 19-E) showed the lowest 

histology score (6.2 ± 3.3). Besides the encapsulated AHF diet, other dietary 

supplementations restored the colonic epithelial structure which was damaged by DSS 

administration.  

4.2.8 Histology score correlated with clinical signs and serum IL-6 protein expression 

  To confirm the histology results, linear regression analysis of histology score 

versus colon length (cm), colon weight (g), DAI, IL-6 (pg/mL), IL-1β (pg/mL), and, TNF-

α (pg/mL) was performed (Figure 20-A, B, C, D, E, and F, respectively). Colon length was 

inversely correlated with histology score with the Pearson correlation coefficient; r2 = 

0.921 (P<0.05). As the histology score increases, colon length is decreased. Colon weight 

was also inversely correlated with the histology score (r2 = 0.712). The correlation was 
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significant at α = 0.05 level. The DAI was positively correlated with the histology score; 

as DAI increases so did the histology score (r2 = 0.862, P<0.05). Similarly, serum IL-6 

protein expression was also positively correlated with histology score producing the r2 of 

0.625 (P<0.05). However, serum IL-1β and TNF-α were not correlated with histology 

scores.  

4.2.9 Dietary supplementations failed to restore fecal microbiota diversity in the DSS-

induced colitis model 

 The species richness and evenness of fecal microbiota of the DSS-induced colitis 

model were analyzed using 16S rRNA sequencing technology. The evenness of the 

microbiota was assessed in terms of Pielou’s evenness (Figure 21-A). The evenness of the 

fecal microbiota was reduced upon DSS administration. There was a significant reduction 

of microbial evenness in the DSS alone group and dietary groups of free AHF, free AHF+ 

probiotics, encapsulated AHF, and encapsulated AHF+ probiotics compared to the healthy 

control group (P<0.05). Faith phylogenic diversity was higher in the control group than in 

other treatment groups and was significantly different from all other groups (P<0.05), 

except the probiotics group (Figure 21-B). The administration of DSS significantly reduced 

the observed feature score in mice's fecal microbiome (Figure 21-C). However, diets of 

probiotics and encapsulated AHF+ probiotics were able to restore the DSS-induced 

decline. When considering the alpha diversity in terms of Shannon index measures, the 

DSS alone, free AHF, encapsulated AHF and, encapsulated AHF+ probiotics groups 

showed a significant reduction than the control group (Figure 21-D). However, the 

Shannon index of the control group and probiotics and free AHF + probiotics groups were 

not different
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Table 2: UPLC-ESI-MS results for selected anthocyanin in AHF microparticles and freeze-dried AHF powder. Values are given as mg/g of 

powder.  

Type of anthocyanin WM: AHF 1:1  WM: AHF 1:1.5 WM: AHF 1:2 WM: AHF 1:3 
Freeze-dried AHF 

powder 

Cyanidin-3-rutinoside 1.2±0.06a 1.3±0.02a 2.5±0.16a 16.7±0.22c 19.2±1.08c 

Cyanidin-3-glucoside 17.0±1.23a 18.9±0.59a 38.7±0.84b 277.9±10.86c 281.5±16.82c 

Cyanidin-3,5-diglucoside 1.2±0.09a 1.6±0.05a 3.3±0.05a 23.7±1.36c 27.2±1.45c 

Peonidin-3-glucoside 0.8±0.04a 0.7±0.05a 2.5±.0.04a 29.4±0.43c 26.2±1.90c 

Anthocyanin-rich haskap fraction (AHF) microparticles were produced using four different WM:AHF ratios as 1:1, 1:1.5, 1:2, and 1:3. HPLC/MS analysis of 

different types of anthocyanins per gram of AHF microparticles and freeze-dried AHF powder were presented. The results represent triplicates. One Way Analysis 

of Variance was performed (p <0.001) with Bonferroni pairwise comparison (at α =0.05) for mean separation. Results which share the same superscript letter 

within the rows are not significantly different. Abbreviations: WM; wall material 
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Table 3: Physical properties of microparticles prepared using anthocyanin-rich haskap fraction (AHF) 

Wall materials (WM) of the microparticles consisted of maltodextrin and inulin in 3:1 ratio. Anthocyanin-rich haskap fraction (AHF) microparticles were produced 

using four different WM:AHF ratios as 1:1, 1:1.5, 1:2, and 1:3. The results represent triplicates. One Way Analysis of Variance was performed (p <0.05) with 

Bonferroni pairwise comparison (at α =0.05) for mean separation. Results which share the same superscript letter within the columns are not significantly different. 

Abbreviations: D10= particle diameter corresponding to 10% of the cumulative distribution, D50= particle diameter corresponding to 50% of the cumulative 

distribution and, D90= particle diameter corresponding to 90% of the cumulative distribution.  

 

Wall 

material: 

AHF ratio 

Moisture % aW Solubility% 
Bulk density 

(g/cm-3) 

Hygroscopicity 

(g/100g) 

Particle size (µm) 

D10 D50 D90 

1:1 7.3±0.07b 0.6±0.00a 95.8.08b 0.3±0.01b 57.6±0.26a 57.5 281 2711 

1:1.5 6.9±0.07c 0.6±0.00a 97.9±0.61a 0.2±0.01a 57.3±0.08a 47.8 188 830 

1:2 7.5±0.07b 0.6±0.00a 93.9±0.09c 0.2±0.01a 57.5±0.00a 37.5 138 445 

1:3 8.4±0.00a 0.6±0.00a 95.6±0.13b 0.2±0.01a 57.8±0.06a 53.5 186 965 

 

7
2
 



73 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: FT-IR spectrum generated for freeze-dried microparticles containing wall material alone and various amounts of anthocyanin-rich 

haskap fraction (AHF). WM alone (black color spectrum), WM: AHF (1:1; red color spectrum, 1:1.5; blue color spectrum, 1:2; green color spectrum, 

and 1:3; purple color spectrum) were presented. Wall materials contained maltodextrin and inulin in a ratio of 3:1.  
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Figure 11: Scanning electron microscopic (SEM) images of freeze-dried haskap berry anthocyanin-rich fraction incorporated microparticles in 

three different magnifications (×100, ×500 and ×1000). Wall materials were consisted of maltodextrin and inulin in a ratio of 3:1 and, four different 

wall material: anthocyanin ratios A) 1:1, B) 1:1.5, C) 1:2, and D) 1:3 was used in microparticle production. 
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Figure 12: Graphical representation of encapsulation efficiency (A), encapsulation yield (B), encapsulation 

retention (C), and encapsulation recovery (D) of anthocyanin microparticles. Wall material (WM) to anthocyanin 

rich haskap fraction (AHF) ratio was used as 1:1, 1;1.5, 1:2, and 1:3. WM: AHF, 1:1.5 ratio was selected as the 

optimum ratio to produce anthocyanin microparticles in maltodextrin and inulin (3:1) matrix The results represent for 

replicates. One Way Analysis of Variance was performed (p <0.05) with Tukey’s multiple mean comparisons (at α 

=0.05) for mean separation.  * Indicates that differences among the compared groups were significant at α=0.05. NS 

indicates the groups which are not significant at α=0.05.  
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Figure 13: Assessment of A) food (g) B) water (mL) intake and C) weight (g) of Balb/c male mice receiving 

different dietary supplementations during the 3% DSS administration period. Dietary supplementary groups 

(n=5) were,  control: regular chow, no DSS; model: regular chow, DSS; Free AHF: regular chow with non-

encapsulated anthocyanin rich haskap fraction (6.2 mg C3GE/mouse/day), DSS; Probiotics: 11 strain probiotics 

powder (1×109 CFU/mouse/day), DSS; Free AHF+ probiotics: regular chow with non-encapsulated anthocyanin-rich 

haskap fraction (6.2 mg C3GE/mouse/day), 11 strain probiotics powder (1×109 CFU/mouse/day), DSS; Encapsulated 

AHF: regular chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), DSS; 

Encapsulated anthocyanin rich haskap fraction + probiotics: regular chow with encapsulated anthocyanin-rich haskap 

fraction (6.2 mg C3GE/mouse/day), 11 strain probiotics powder (1×109 CFU/mouse/day) DSS.  Two Way Analysis 

of Variance was performed (p <0.05) with Tukey’s multiple mean comparisons (at α =0.05) for mean separation. * 

Indicates that differences among the compared groups were significant at α=0.05. Abbreviations: DSS = dextran 

sulfate sodium, AHF= anthocyanin-rich haskap fraction 
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Figure 14: Clinical data assessment of Balb/c mice of 3% DSS-induced acute colitis model under dietary interventions of haskap and probiotics.  

Clinical assessment was based on 4 different measurements including, A) Colon length of the mice measured at the day of sacrifice, B) Colon weight of 

the mice weighted at the day of sacrifice, C) Colon weight to length ratio, and D) Spleen index value calculated by dividing spleen weight by overall body 

weight E) Disease activity index measured by getting the average score of weight loss%, stool consistency and presence of occult blood during DSS 

administration. Dietary supplementary groups included control: regular chow, no DSS; model: regular chow, DSS; Free AHF: regular chow with non-

encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), DSS; Probiotics: 11 strain probiotics powder (1×109 CFU/mouse/day), DSS; 

Free AHE+ probiotics: regular chow with non-encapsulated anthocyanin-rich haskap extract (6.2 mg C3GE/mouse/day), 11 strain probiotics powder 

(1×109 CFU/mouse/day), DSS; Encapsulated AHF: regular chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), DSS; 

Encapsulated anthocyanin-rich haskap fraction + probiotics: regular chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), 

11 strain probiotics powder (1×109 CFU/mouse/day, DSS, at which n=5 in each. One Way Analysis of Variance was performed (p <0.05) with Bonferroni 

pairwise comparison (at α =0.05) for mean separation. * Indicates that differences among the compared groups were significant at α=0.05. Abbreviations: 

DSS= dextran sulfate sodium, AHF= anthocyanin-rich haskap fraction 
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Figure 15: Assessment of liver toxicity of Balb/c mice in 3% DSS-induced acute colitis model under several 

dietary interventions. Liver toxicity was expressed in terms of A) alanine aminotransferase (ALT) and B) aspartate 

aminotransferase (AST) in mice serum (U/mL). Dietary supplementary groups included control: regular chow, no 

DSS; model: regular chow, DSS; Free AHF: regular chow with non-encapsulated anthocyanin-rich haskap fraction 

(6.2 mg/mouse/day), DSS; Probiotics: 11 strain probiotics powder (1×109 CFU/mouse/day), DSS; Free AHF+ 

probiotics: regular chow with non-encapsulated anthocyanin-rich haskap fraction (6.2 mg/mouse/day), 11 strain 

probiotics powder (1×109 CFU/mouse/day), DSS; Encapsulated AHF: regular chow with encapsulated anthocyanin 

(6.2 mg/mouse/day), DSS; Encapsulated anthocyanin-rich haskap fraction + probiotics: regular chow with 

encapsulated anthocyanin-rich haskap fraction (6.2 mg/mouse/day), 11 strain probiotics powder (1×109 

CFU/mouse/day, DSS, at which n=5 in each. One Way Analysis of Variance was performed (p <0.05) with Tukey’s 

multiple mean comparisons (at α =0.05) for mean separation. * Indicates that differences among the compared groups 

were significant at α=0.05. Abbreviations: DSS= dextran sulfate sodium, AHF= anthocyanin-rich haskap fraction 
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Figure 16: Expression of BAX (A), BCl-2 (B), and inflammatory cytokines, TNF-α (C) and IL-6 (D) in Balb/c 

mice colon tissues. Protein expression was determined using western blot analysis and images were analyzed using 

Image lab version 6.0.1 software. Results were normalized using the β-actin level and finally expressed as the relative 

protein levels compared to the control. At least three western blotting experiments were performed, and the results 

were expressed with means ± standard deviations. One Way Analysis of Variance was performed (p <0.05) with 

Tukey’s multiple mean comparisons (at α =0.05) for mean separation. NS indicates the groups which are not 

significant at α=0.05. Abbreviations: Free AHF= non-encapsulated anthocyanin-rich haskap fraction, E-AHF = 

encapsulated anthocyanin. BCL-2= B cell lymphoma 2, BAX= Bcl-2-associated X protein 
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Figure 17: Effect of dietary supplementations on the expression of tight junction proteins in Balb/c mouse colon 

tissues in 3% DSS-induced acute colitis model.  A) Occludin, B) Claudin-2, C) claudin-3, and D) claudin-4 Protein 

expression was determined using western blot analysis and images were analyzed using Image lab version 6.0.1 

software. Results were normalized using the β-actin level and finally expressed as the relative protein levels compared 

to the control. At least three western blotting experiments were performed, and the results were expressed with means 

± standard deviations. One Way Analysis of Variance was performed (p <0.05) with Tukey’s multiple mean 

comparisons (at α =0.05) for mean separation. NS indicates the groups which are not significant at α=0.05. 

Abbreviations: Free AHF= non-encapsulated anthocyanin-rich haskap fraction, E-AHF = encapsulated anthocyanin-

rich haskap fraction 
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Figure 18: Effect of dietary supplementations on the expression of pro-inflammatory markers in Balb/C mouse 

serum. A) IL-1β, B) IL-6, and C) TNF-α. Expression of pro-inflammatory markers analyzed by ELISA in triplicates 

and the results were expressed with means ± standard deviations. One Way Analysis of Variance was performed (p 

<0.05) with Bonferroni pairwise comparison (at α =0.05) for mean separation. * Indicates that differences among the 

compared groups were significant at α=0.05.
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Figure 19: Histological examination of the disease severity of colon of mice colon Swiss rolls representing different dietary supplementary groups 

under 200x. A) Control: regular chow, no DSS; B) model: regular chow, DSS; C) Free AHF: regular chow with non-encapsulated anthocyanin-rich 

haskap fraction (6.2 mg C3GE/mouse/day), DSS; D) Probiotics: 11 strain probiotics powder (1×109 CFU/mouse/day), DSS; E) Free AHF+ probiotics: 

regular chow with non-encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day),  11 strain probiotics powder (1×109 CFU/mouse/day), 

DSS; F) Encapsulated ACN: regular chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), DSS; G) Encapsulated 

anthocyanin + probiotics: regular chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), 11 strain probiotics powder (1×109 

CFU/mouse/day, DSS. Histology score (H) was calculated by combining the scores given for (a) leukocyte infiltration, (b) crypt damage, (c) ulceration, 

(d) edema, and (e) crypt hyperplasia. Kruskal-Wallis test was performed (p <0.05) with Dunn’s multiple comparisons (at α =0.05) for mean separation. * 

Indicates that differences among the compared groups were significant at α=0.05. 

 

 

 

 

 

 

8
6
 



87 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Linear regression analysis of histology score vs A) colon length, B) colon weight (g) at final day, C) 

Disease activity Index (DAI) score, D) IL-6 (pg/mL) in serum, E) Il-1β (pg/mL) in serum and, F) TNF-α (pg/mL) 

in serum.  DAI measured by getting the average score of weight loss%, stool consistency and presence of occult blood 

during DSS administration. r2= Pearson correlation coefficient.
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Figure 21: Effect of dietary supplementations on the fecal microbiome in Balb/c mice of DSS-induced 

colitis. A) Pieloue evenness, B) Faith pd, C) observed features and D) Shannon index. All parameters are 

displayed as a vertical scatter plot for each dietary supplementation which includes control: regular chow, no 

DSS; model: regular chow, DSS; Free AHF: regular chow with non-encapsulated anthocyanin-rich haskap 

fraction (6.2 mg C3GE/mouse/day), DSS; Probiotics: 11 strain probiotics powder (1×109 CFU/mouse/day), 

DSS; Free AHF+ probiotics: regular chow with non-encapsulated anthocyanin-rich haskap fraction (6.2 mg 

C3GE/mouse/day), 11 strain probiotics powder (1×109 CFU/mouse/day), DSS; Encapsulated AHF: regular 

chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg C3GE/mouse/day), DSS; Encapsulated 

anthocyanin + probiotics: regular chow with encapsulated anthocyanin-rich haskap fraction (6.2 mg 

C3GE/mouse/day), 11 strain probiotics powder (1×109 CFU/mouse/day, DSS. One Way Analysis of 

Variance was performed (p <0.05) with Bonferroni’s multiple comparison test (at α =0.05) for mean 

separation. * Indicates that differences among the compared groups were significant at α=0.05. 
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CHAPTER 05: DISCUSSION 

 

 Polyphenols, a group of phytochemicals found abundantly in plants, have become 

an emerging food bioactive of interest in functional foods and nutraceuticals in recent 

decades. A growing body of research findings indicates that regular consumption of 

polyphenols primarily through fruits and vegetables plays a vital role in the prevention of 

chronic diseases including cancer, cardiovascular disease, neurodegenerative disorders, 

diabetes, and obesity (Cory et al., 2018). One class of polyphenols, named flavonoids is 

widely recognized for possessing anti-cancer and anti-inflammatory properties 

(Rupasinghe et al., 2014). Anthocyanin comes under the group of flavonoids, which are 

found in a ‘natural’ abundance in berries that are reported to attenuate inflammation and 

cancer associated with the gastrointestinal tract (Dharmawansa et al., 2020). In addition, 

the health-promoting effects attributed to anthocyanins were shown to be associated with 

gut microbiota modulation in terms of facilitating probiotic bacterial growth (Tian et al., 

2019). However, the significantly low bioavailability of anthocyanin in the human body 

has led to exploring novel technologies such as microencapsulation in the stabilization, 

protection, and enhanced intestinal absorption of anthocyanin aiming to increase its 

stability, bioavailability and efficacy. The focus of the current study was to explore the 

potential of microencapsulated or non-encapsulated anthocyanin-rich haskap berry fraction 

(AHF) alone or in combination with probiotics in attenuating the severity of DSS-induced 

acute colitis in Balb/c mice.  

 Haskap berry is a type of berry that has gained significant attention for its medicinal 

and therapeutic properties. The anti-inflammatory and anti-cancer properties of haskap 

berries are largely attributed to their non-nutritive components which consist of 
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anthocyanins and other polyphenols. About 79%-92% of haskap anthocyanins consist of 

cyanidin-3-O-glucoside (C3G) (Rupasinghe et al., 2018). C3G also has tremendous 

advantages in protecting gut health, including repairing the intestinal mucosal barrier and 

relieving inflammation via modulating the level of colitis-related indicators and signaling 

pathways. In addition, C3G can be passed through the small intestine and bio-transformed 

into metabolites such as protocatechuic acid and phloroglucinaldehyde via colonic 

microbiota (Olivas-Aguirre et al., 2016). In the present study, haskap anthocyanin was 

extracted using 80% ethanol solution, which has been identified as one of the best 

extraction solvents for the haskap berries and is more efficient in the extraction of 

bioactives than methanol (Myjavcová et al., 2010). Besides, ethanol is less toxic and can 

be effectively used in food systems (Celli et al., 2015). The addition of formic acid in low 

concentrations assisted the extraction procedure of anthocyanins by damaging cellular 

membranes and facilitating anthocyanin release from cells (Z. Li et al., 2010). Ultrasound-

assisted extraction (UAE) was used to improve the preservation of anthocyanins. 

Ultrasound frequencies above 20 kHz produce sound waves in water which create 

cavitation bubbles near the sample tissues. Once the bubbles enlarge to their maximum 

capacity, they undergo blasting and release a massive amount of energy. It destroys the cell 

walls and improves the mass transport of the anthocyanins from the plant cell walls to the 

solvent (Tena & Asuero, 2022). In the anthocyanin extraction process, a large number of 

impurities such as soluble sugars are also extracted. To obtain anthocyanin with high 

stability, strong physiological activity and high quality, crude anthocyanin extracts were 

separated and purified using column chromatography (Tan et al., 2022).  
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 Microencapsulation is an emerging technology that serves as a tool to protect 

sensitive and active compounds by providing them with a protective wall and producing 

capsules with diameters ranging from 1 µm to 1,000 µm (M. N. Singh et al., 2010). In 

contrast to the above explanation, some researchers classified particle size as macro 

(>5,000 µm), micro (1–5,000 µm), and nano (<1 µm) (Jafari et al., 2008). 

Microencapsulation of anthocyanins has become a satisfactory solution for its low 

bioavailability and highly susceptible nature of degradation. Instead of using a single WM, 

the use of WM combinations leads to higher encapsulation efficiencies as a single WM 

does not possess all the required characteristics (Gharsallaoui et al., 2007). In the present 

study, a combination of maltodextrin (MD) and inulin (IN) have been utilized as WMs in 

the microencapsulation of AHF. Polysaccharides such as MD have been used commonly 

in the microencapsulation of anthocyanin for their high holding capacity, low viscosity, 

and excellent solubility (Pieczykolan & Kurek, 2019). However, to obtain microcapsules 

with improved mechanical stability and tailored microstructure, maltodextrin is commonly 

used in combination with other biomaterials (M. N. Singh et al., 2010). Evidence showed 

that anthocyanin has been successfully encapsulated in MD + Gum Arabic matrix (Khazaei 

et al., 2014), MD + whey protein or soy protein (Moser et al., 2017), MD + pectin or soy 

protein isolates (Pereira Souza et al., 2017) and in MD + IN as well (Nguyen et al., 2022). 

However, as maltodextrin is a digestible polymer encapsulated bioactive compounds may 

be released during digestion and get destroyed due to harsh gastric conditions (González 

et al., 2020).  

IN,  a slightly branched fructooligosaccharide, is composed of β-(2-1) linked fructose units, 

which are resistant to getting digested in the human small intestine and pass to the large 
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intestine. It is moderately water-soluble and highly indigestible by humans due to the 

presence of β-(2-1) glycosidic linkage (González et al., 2020). Once reaches the colon 

inulin gets digested by colonic microbiota (Tadesse Teferra, 2019). The colonic microbiota 

breakdown IN into short-chain fatty acids (SCFA) such as propionic acid and butyric acid 

which has a protective effect against colon cancer. Besides, IN facilitates the growth of 

probiotics as well. These modulatory effects aid in the prevention of mucosal inflammation 

(Akram et al., 2019). IN is widely used in the pharmaceutical industry as an excipient or 

stabilizer and is known to have utility as a slow-release drug delivery medium (Barclay et 

al., 2010). Further, anthocyanin was found to be more stable in IN matrix and no effect of 

the dextrose equivalent of MD was detected (Bakowska-Barczak & Kolodziejczyk, 2011). 

Therefore, MD and IN were selected as the WMs in AHF encapsulation. The most common 

methods of encapsulation of anthocyanin are spray-drying and freeze-drying. However, a 

comparison of the encapsulation efficiencies of various methods showed that the best 

performance was obtained for the freeze-drying method (Sharif et al., 2020). It is based on 

dehydration by sublimation of a frozen product and, during this procedure, the core 

materials and matrix solutions are homogenized and then lyophilized, resulting in a dry 

material (Yamashita et al., 2017). Moreover, as freeze-drying occurs in minus temperatures 

bioactive properties of anthocyanins are very well preserved (Wilkowska et al., 2016).  

  The anthocyanin profiling in microparticles and freeze-dried AHF powder was 

analyzed by HPLC-ESI-MS technology. The results confirmed that the major anthocyanin 

compound found in tested samples was C3G. Other identified anthocyanins were cyanidin-

3-rutinoside, cyanidin-3,5-diglucoside and peonidin-3-glucoside. C3G content was 

significantly higher in the microparticles and AHF powder and accounted for 80% of the 
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total anthocyanin content. It was aligned with the previous findings of 76% (Rupasinghe 

et al., 2015) and 82-91% (Khattab et al., 2016). When the amount of AHF was increased, 

the total anthocyanin content in the microparticles was increased. In contrast, Mazuco et 

al., (2018) reported an increase in anthocyanin content with an increase in the wall material 

proportion. This might be due to the matrix differences of the wall materials used.  

 The moisture content of microparticles is an indicator of particle stability. The 

higher the moisture content higher the instability of the particles as they tend to 

agglomerate. Moreover, it is related to drying efficiency, powder flowability, stickiness, 

and storage stability (Akhavan Mahdavi et al., 2016). The moisture content of AHF 

microparticles was observed within the range of 6.9-8.4%. The results are consistent with 

reported moisture content ranging from 4.89% to 9.03% observed in red raspberry 

anthocyanin microparticles produced using soy protein isolates and Gum Arabic matrix 

(Mansour et al., 2020). Microencapsulation of anthocyanin-rich black soybean coat extract 

by spray drying using maltodextrin, gum Arabic and skimmed milk powder was also 

reported with similar moisture contents of 5.2-6.7%. However, chokeberry anthocyanin 

encapsulated in MD+IN by spray drying showed far less amount of moisture % (1.7%) 

than observed in the current study (Pieczykolan & Kurek, 2019). Higher moisture content 

observed in AHF microparticles could be due to rapid freezing during the freezing process 

at temperatures lower than −40 °C. This could reduce the pore diameter at the surface of 

microcapsules which may hinder mass transfer and act as a barrier against sublimation, 

resulting in increased moisture retention (Kuck & Noreña, 2016). Anthocyanin 

microparticles produce from freeze-drying, usually have higher aW contents than the spray-

dried particles (Fredes et al., 2018). The aW of the microparticles was not significantly 
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different according to the WM:AHF ratio. However, the recorded aW level (0.6) was higher 

than in previous studies which utilized MD as a wall material constituent. To further 

elaborate, MD incorporated blackberry powder resulted in 0.11-0.15 range of aW (Oro et 

al., 2021) whereas, anthocyanin in elderberry pulp resulted in 0.12-0.20 aW content after 

encapsulated with MD using freeze-drying (Baeza et al., 2021). The aW values obtained, 

concurred with that provided by Yamashita et al. (2017) for anthocyanin-rich blackberry 

extract (0.51-0.53 aW), and Rocha-Parra et al. (2016) observed in freeze-dried red wine 

(0.58 aW). Microencapsulated AHF can be considered relatively stable against microbial 

growth, and hydrolytic and enzymatic reactions because an aw <0.6 is considered to be 

microbiologically stable (Quek et al., 2007). The solubility of all samples was between 

93.9-97.9%. Solubility (wettability, dispersibility) as the ability of powders to form a 

solution in water is an important physicochemical property that influences the functional 

characteristics of powders intended to use in nutraceutical or pharmaceutical industries. 

Kuck & Noreña (2016), found solubility which ranged from 85.96% to 88% for 

microencapsulated grape skin phenolic extract using gum Arabic, polydextrose, and 

partially hydrolyzed guar gum as encapsulating agents. The kind of wall material used had 

no significant effect on the solubility of the powders. Supporting the previous claim, 

Pieczykolan & Kurek., (2019) also reported no difference in solubilities of chokeberry 

anthocyanin encapsulated in guar gum, gum arabic, pectin, beta-glucan and inulin. On the 

other hand, considerably lower solubilities (59.9–59.1%) were also reported with Maqui 

juice microparticles prepared by freeze-drying using MD blended with soy protein isolate 

(Fredes et al., 2018). Hygroscopicity is the ability of solids to adsorb water onto their 

surfaces microscopically (Lau, 2001). There was no significant difference in the 
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hygroscopicity of AHF microparticles (57.3-57.8 g/100 g of powder). Higher 

hygroscopicity could be associated with the number of hydrophilic groups present in the 

structure of MD and IN. Moreover, the use of other WMs together with MD increases the 

hygroscopicity of the powder in relation to the use of MD alone (Mohd Nawi et al., 2015). 

Microencapsulated AHF was found with a broader range of particle sizes (D10= 57.5 µm, 

D90= 2711.0 µm). The highest particle size was observed with the least amount of AHF 

incorporated (WM: AHF, 1:1). As evident, the bulk density of the particles was 

proportional to the particle size. The particle diameter of spray dried powders can be ranged 

between 1-15 µm whereas freeze-dried products can reach 300 μm (Che Man et al., 1999). 

However, the particle size of the present study was exceeded 300 µm and it might be due 

to the difference in the strength of the manual force used in particle grinding (Kuck & 

Noreña, 2016). The same phenomenon has been suggested by Fang & Bhandari, 2010, 

explaining that the encapsulation method as well as the grinding process directly affects 

both the shape and size of powders.  

 The FTIR analysis reveals the information useful in predicting the chemical 

bonding and interactions in AHF microparticles. The functional groups of the compounds 

are identified as they absorb radiation in a characteristic frequency of the infrared spectrum 

(Laila et al., 2019). The main infrared regions of MD are located at wavelengths less than 

1,000 cm-1 corresponding with C-O stretching vibrations of an anhydrous glucose ring. The 

band located around 1,000 cm-1 belonged to the vibration of the C-C pyranoid ring of the 

glucose monomers, the vibration of the C-O-C glycosidic bond, and the stretching of the 

C-OH side group in MD (Kutzli et al., 2018). The characteristic vibrations at 800-1,200 

cm-1 are the fingerprint region of the carbohydrate’s representative with C-C, C-O and, C-
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O-C stretching vibrations of fructo-furanose rings in IN (Akram & Garud, 2020). The 

broadband at 3,000-3,600 cm–1 was assigned with O-H vibration groups in both MD and 

IN molecules and the band at 2,933 cm−1 was due to C-H stretching vibrations in 

carbohydrates (Petkova et al., 2022). The WM+AHF spectrums showed multiple bands 

around 1,150 cm-1 -1,400 cm-1 which are attributed to the C-O stretching and C-O-H 

bending vibrations of phenols including the CH2 bending by the peak at 1,152 cm-1 and 

starching of pyran rings typical to flavonoids producing the peak at 1,231 cm-1 (Swer et al., 

2018). The bands appearing between 1,300 cm-1 and 1,380 cm-1 are assigned to C-O 

angular deformations of phenols (Pereira et al., 2015). The clear increase of the band 

intensities in the region of 1,500 cm-1- 1,700 cm-1 shows that anthocyanin is incorporated 

in microparticles since the modified region is typical of C-C stretching from aromatic rings, 

as well as changes in the 750 cm-1-1,000 cm-1 region, indicating the presence of aromatic 

rings with ortho substitution (Pereira et al., 2015). In addition, bands corresponding to 

symmetric and asymmetric C-H vibrations were observed in the range of 2,924 cm-1 to 

2,926 cm-1 modified region. An increase in the depth of the broader bands produced at 

3,000 cm-1-3,600 cm-1 is associated with the stretching vibration of O-H bonds in 

anthocyanins (H. R. da Silva et al., 2019).  

 With respect to the particle morphology, freeze-dried microparticles exhibited 

broken glass structures without having a uniform surface, which are characteristics of 

microparticles produced by this drying method (Kuck & Noreña, 2016). The particles were 

in irregular shapes of various sizes as observed by other authors (Oro et al., 2021; 

Yamashita et al., 2017). Furthermore, the heterogeneous surface of microparticles was 

observed with multi-cavities and flake-like structures which agreed with the observations 
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of  Stoll et al., (2016) and, Yamashita et al., (2017). A possible explanation for this 

phenomenon is the rapid sublimation of frozen water from the coating matrix, resulting in 

the formation of cavities where there were ice crystals before (Smrdel et al., 2008).  

 The encapsulation parameters such as encapsulation efficiency, yield, retention, 

and recovery are used to determine whether the core material is successfully encapsulated. 

All AHF microparticles showed comparable high encapsulation efficiencies (53.68% to 

59.9%) with no statistical difference which suggests the compatibility of the MD+IN 

matrix in the encapsulation of AHF. As previously found, the use of maltodextrin alone in 

encapsulating Roselle calyxes anthocyanin exhibited an efficiency of 33.3% (Nafiunisa et 

al., 2017). Therefore, encapsulating efficiency was observed to be improved with the use 

of a combination of wall materials. As an example, Yu & Lv. (2019) reported the higher 

encapsulation efficiency (72%) of freeze-dried rose anthocyanin in maltodextrin and gum 

arabic mixture. Higher encapsulating efficiencies might be attributed to the hydrogen 

bonding and/or electrostatic interactions that occur between maltodextrin/inulin and 

anthocyanins (Vergara et al., 2020). Further, it was found that freeze drying is more 

effective than spray drying in terms of encapsulating efficiency. Contradictory to that, 

encapsulation of anthocyanin from hibiscus sabdariffa. l using maltodextrin and gum 

arabic by spray drying technology was reported to have higher encapsulation efficiencies 

(Idham et al., 2012). The encapsulating efficiency also depends on the type and 

concentration of the wall materials and the number of loaded anthocyanins (Sharif et al., 

2020). However, as found in the present study, encapsulation efficiency was independent 

of the amount of AHF powder in the matrix mixture. Opposing our findings, Akhavan 

Mahdavi et al., (2016), indicated that the encapsulation efficiency of barberry extract 
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microparticles encapsulated with maltodextrin, gum arabic and gelatin was largely 

dependent on the core/wall ratio. According to the results, encapsulating yield was 

increased with increasing the AHF amount in encapsulating mixture. The possible 

explanation might be that when the amount of anthocyanin is in excess, more of the powder 

is loaded inside the encapsulating matrix. With comparing to previous findings, the yield 

values (maximum yield = 12.2%) observed in the current study were relatively low. 

Microencapsulation of maqui juice anthocyanin by spray drying resulted in a yield of 

73.4%, which was not statistically different from that of the freeze-drying method (Fredes 

et al., 2018). The anthocyanin retention in the encapsulated microparticles (maximum 

retention= 81.6%) was also increased with the amount of AHF powder in the mixing 

matrix. In contrast to that, phenolics extracted from rambutan peel were reported to have 

higher encapsulation retention when encapsulating agent concentration increased from 

10% to 13% (Boyano-Orozco et al., 2020). Similar retention efficiency has previously been 

reported for the spray-drying of grape skin extract (99.58%) with the use of 10% gum 

arabic over 5% partially hydrolyzed guar gum and polydextrose (Kuck & Noreña, 2016). 

In this context, encapsulating yield and encapsulating retention are strongly dependable on 

the amounts of core and wall materials. Yu & L. (2019), who attempted to 

microencapsulate rose residue anthocyanins, showed that the anthocyanin retention was 

91.44% for freeze-drying and 75.85% for spray drying. The anthocyanin recovery is the 

parameter that demonstrates the effect of the freeze-drying process on anthocyanin content 

(or stability during freeze-drying). With respect to the anthocyanin recovery of the AHF 

micro-particles, the results were independent of the AHF amount used in the encapsulating 

matrix. In the present study, maximum anthocyanin recovery of 90% was observed which 
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is in agreement with other studies where obtaining anthocyanin microparticles by spray 

drying with maltodextrin for maqui juice reported recovery of 99.8% (Fredes et al., 2018), 

for pomegranate extract and juice recovery of 97% and 100% (Robert et al., 2010) and for 

bayberry extract recovery of 94% (Z. Fang & Bhandari, 2011).  

 The DSS model of mice was used to investigate the effectiveness of AHF and 

probiotics on the prevention of acute colitis, as the DSS-induced colitis model produces 

symptoms comparable to those of human UC such as body weight loss, diarrhea, bloody 

feces, shortening of the colon and mucosal ulceration (Perše & Cerar, 2012). The oral 

administration of DSS is regarded as a simple, economical and effective method in mice 

(Xu et al., 2020).  Therefore, colitis was induced in mice by adding DSS to drinking water. 

Even though the exact mechanism is yet to be understood, DSS-induced inflammation is 

associated with the disruption of colonic epithelial monolayer lining by loosening the 

epithelial tight junctions, leading to the invasion of gut microbiota and their derivatives 

into the colonic mucosa (Xu et al., 2020). The damage is thought to cause by the negatively 

charged sulfate groups in DSS (Kim et al., 2021). Depending on the concentration, 

duration, and frequency of DSS administration acute or chronic conditions can be 

developed (Perše & Cerar, 2012). According to previous studies, a fixed dose of 3% of 

DSS given for 7 days was effective in recapitulating the loss of barrier function present in 

clinical colitis (Cochran et al., 2020). The molecular weight of the DSS, mice strain, gender 

of the animal, and microbiological factors (gut microbiome) of the animal are also 

responsible for the differential susceptibilities and responsiveness of the DSS (Bramhall et 

al., 2015). As reported by Eichele & Kharbanda. (2017) molecular weight of 40-50 kDa of 

DSS is suitable for producing acute colitis in animals, as larger molecules (≥ 500 kDa) fail 
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to penetrate colonic tissues well and smaller molecules (5-40 kDa) have inadequate tissue 

penetration and produce mild disease. Therefore, in the present study, DSS with a 

molecular weight range of 36 kDa-50 kDa was selected to observe better resemblance 

features of human colitis (Monk et al., 2016). Considering the differences in mouse strains, 

C3H/HeJ, C57BL/6 and Balb/C mice are more genetically susceptible to DSS-induced 

colitis (Eichele & Kharbanda, 2017). The role of the gender of animals in inflammatory 

models is well established (Fish, 2008). The male mice are observed with more 

pronouncing symptoms of colitis than the female in the DSS model (Mähler et al., 1998;  

Perše & Cerar, 2012). In regard to external factors, the stress triggered by transportation, 

movement and housing can also cause differences in DSS susceptibility. Hence a minimum 

of 48-72 hrs acclimatization period is recommended for the rodents used in laboratory 

experiments (Montonye et al., 2018). The DSS-induced colitis model is reported with at 

least 1 week of acclimatization period (Hamilton et al., 2011; Khan et al., 2022). As to 

investigate the preventive potential of AHF and probiotics, mice were started to be fed with 

the supplementary diets 5 days prior to DSS administration and continued till the day they 

sacrificed.  

 Appetite, water/food consumption, and body weight loss are often considered to be 

revealing clinical signs in diseased animals. The appearance of clinical signs of DSS-

induced colitis usually takes place on days 3-4 of DSS exposure and gradually increased 

in severity over time (Anderson et al., 2019). Upon DSS administration, loss of appetite 

indicated by the reduction in water and food intake was observed. The reduction was 

initiated by day 3 and showed non-pattern fluctuation. Similar results were observed by 

Anderson et al. (2019) in the mice treated with Azithromycin and in which the colitis was 
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induced using 3.5% of DSS. However, differences in DSS susceptibility do not correlate 

with differences in the consumption of DSS-supplemented water (Mähler et al., 1998). The 

mice in the healthy or control group showed an increase in their body weight whereas all 

DSS groups reported weight reduction during the DSS to introduce period initiated at day 

4. Moreover, DSS causes dose- and time-dependent body weight loss (Kim et al., 2021). 

The body weight of animals used in experiments is a simple parameter which is easy to 

access objectively and can provide information about disease severity and decision about 

humane endpoints (Talbot et al., 2020). Many animal experiments, scientists, and local 

authorities define a weight loss threshold of 20% or more as severe suffering and thereby 

as a potential parameter for humane endpoint decisions and the same criteria were used in 

the present study (Talbot et al., 2020). How DSS is responsible for weight reduction might 

be attributed to loss of appetite and water intake.  

 The colon weight, colon length and colon weight-to-length ratio are gross 

biomarkers of colonic inflammation (Charpentier et al., 2012). As per our results, the 

normal length of the colon was shortened by DSS treatment, however free AHF and free 

AHF + probiotics treatments significantly inhibited the changing of colon length in DSS-

treated mice. The effect of DSS on colon length is well documented (Jeon et al., 2021; 

Scarano et al., 2018; J. Zhao et al., 2013). Confirming our findings, plant bioactive-rich 

lingonberry fruit ethanol extract (Jeon et al., 2021), sesamol extract (B. Zhao et al., 2020), 

maqui berry extract (G. Zhou et al., 2019) and probiotics supplementations (Y. Zhang et 

al., 2018) improved the DSS-induced colon shortening. In the present study, colon weight 

was not found to differ among the experimental groups. However, evidence has been made 

earlier to show the effect of DSS on weight reduction in mice colon (Kwon et al., 2021). 
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The ratio between the weight (g) and the length (cm) of the colon, an indirect indicator of 

edema and inflammation, increased in all DSS-treated groups. Similar findings were 

reported by Kwon et al., (2021). The colon weight-to-length ratio was increased in a DSS 

dose-dependent manner producing the highest ratio in 3% DSS-treated C57BL/6 N mice. 

The DSS causes an increase in spleen weight which generally correlates with the severity 

of inflammation (Chassaing et al., 2014). The main reason behind the spleen enlargement 

likely attributes to an inflammation-driven increase in the immune cell count in terms of 

neutrophils and lymphocytes in the spleen (Liverani et al., 2014). As per the current results, 

the spleen index of the experimental model group was significantly increased than that of 

the control group and AHF and probiotics dietary supplementations were able to reduce 

the spleen index values. Zuo et al., (2021) made similar observations, as luteolin decreased 

the elevated spleen index values in C57BL/6 mice where the colitis was induced using 3% 

of DSS.  

The DAI was used to determine the severity of colitis. Consistent with previous 

studies, mice exposed to DSS developed body weight loss, watery diarrhea, and bloody 

stools (Yan et al., 2009). The current study demonstrated the successful induction of acute 

colitis upon the intake of 3% DSS in drinking for 7 days, which was recognized by the 

appearance of colitis and clinical signs and symptoms including weight reduction, changes 

in stool features, rectal bleeding, and an increase of DAI. The highest DAI values were 

observed with the experimental model group along with no mortality among the 

experimental groups. The supplementation of AHF and probiotics improved the DAI, 

which could be due to their effects on the inflammatory process, mucosal damage, and 

epithelial integrity. The DSS-induced colitis leads to a disturbance in epithelial barrier 
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integrity, resulting in an increased influx of gut microbiota into the intestinal wall, further 

accelerating the inflammatory process (Perše & Cerar, 2012). Colitis severity was 

mitigated by all dietary supplementations starting from day 5, providing evidence for 

inflammation preventive potential of AHF and probiotics by reducing the weight loss, 

increasing stool consistency, and modulating the barrier integrity. Similar observations 

were made by Zhang. (2012), in C57BL/6 male mice fed with cooked common beans 

whereas the colitis severity dropped down starting from day 4. Further, dietary 

supplementation of soybeans Bowman-Birk inhibitor concentrate reduced the severity of 

DSS-colitis by suppressing inflammation in the colon and improving the recovery 

following DSS induction (Ware et al., 1999). In support of the findings, supplementation 

of cranberry bean diets prior to DSS exposure reduced the DAI scoring in C57BL/6 mice 

(Monk et al., 2016). Administration of lingonberry fruit ethanol extract also reduced the 

DAI score in Balb/c mice in a dose-dependent manner (Jeon et al., 2021). They also used 

3% DSS to induce colitis conditions. Despite their health benefits, high dose of plant exacts 

can be harmful to the liver and kidneys (Al-Nuaimi, 2018). Anthocyanin toxicity has not 

been shown as the currently available toxicologic database is inadequate to establish a 

numerically acceptable daily intake for anthocyanins (T. C. Wallace & Giusti, 2015). 

However, DSS-induced inflammation can cause acute liver damage, which reflects via 

increased levels of biochemical parameters such as plasma levels of ALT and AST 

enzymes (Kwon et al., 2021; Zhan et al., 2022). Similar results were obtained in the present 

study. The serum levels of ALT were elevated in the groups treated with DSS and 

supplemented with free AHF, encapsulated AHF+ probiotics and in DSS alone group while 

showing no significant difference from the control group suggesting that DSS was not an 
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effective influencer in acute liver injury. Similarly, some murine studies have shown that 

DSS alone is not influencing serum ALT and AST levels; however, DSS with alcohol 

(Shao Tuo et al., 2017) and high-fat high carbohydrate diets (M.-Y. Wang et al., 2022) 

were effective. In the present study, a significantly higher level of AST was found in the 

experimental model group and supplementation of probiotics and AHF+ probiotics 

significantly reduced the increase in serum AST levels. However, free AHF was not 

effective in reducing the AST levels. In contrast to our findings, anthocyanin extracted 

from black chokeberry showed a reduction in plasma ALT/AST levels in adult male 

Kunming mice in a dose-dependent manner after feeding for 8 weeks (Wei et al., 2017). 

On the other hand, administration of high doses of probiotics (1×1010 CFU) to healthy and 

to Balb/c mice treated with 2, 4, 6-trinitrobenzene sulfonic acid (TNBS) to induce acute 

colitis, found with no toxicity (Daniel et al., 2006). Confirming that, 1×1011 CFU dose of 

lactic acid bacteria (LAB) strains, Lactobacillus rhamnoses, Lb. acidophilus and 

Bifidobacterium lactis were also not associated with any toxic effect in Blab/c mice (J. S. 

Zhou et al., 2000). Therefore, it can be confirmed that the amounts of anthocyanin (6.2 mg 

C3GE/mouse/day) and probiotics (1×109 CFU), used in the present study were within safe 

limits for consumption. Moreover, as encapsulated AHF groups also showed no difference 

in ALT and AST levels compared to the control, it can be suggested that maltodextrin and 

inulin are safe core materials.  

The most prominent function of B-cell lymphoma 2 (BCL-2) family proteins is 

regulating the initiation of the intrinsic (mitochondrial) apoptotic pathway by controlling 

the permeabilization of the mitochondrial outer membrane (Youle & Strasser, 2008). This 

family of proteins includes anti-apoptotic proteins such as BCL-2 and pro-apoptotic pore-
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formers such as Bcl-2 associated X (BAX) as well (Kale et al., 2017). The imbalance 

between Bcl-2 and BAX may cause cell apoptosis (Fu et al., 2022). However, there are 

controversial findings on BCL-2 and BAX expressions in DSS-treated murine models. For 

example, the administration of 4 % DSS for 7 days caused an increase in BCL-2 and BAX 

levels in the colon epithelial cells of Sprague-Dawley rats (Vetuschi et al., 2002). In 

contrast to that, as reported by Yang et al., (2017), the C57BL/6 mice exposed to 3% DSS 

for 7 days showed increased levels of BAX and decreased levels of BCL-2 in colon tissues. 

Similarly, 2.5 % of DSS given for 7 days, increased the BAX protein expression and 

decreased the BCL-2 protein expressions in C57BL/6 mice (Fu et al., 2022). However, 

DSS-induced colitis had no significant effect on BAX and BCL-2 changes and that may be 

the reason why supplementary diets failed to improve those changes significantly. In 

contradiction to that, DSS-treated C57BL/6 mice fed with apple peel polyphenols 

significantly reduced the colonic tissue expression of BAX and improved the BCL-2 

(Yeganeh et al., 2018). Moreover, high hydrostatic pressure-treated cyanidin-3-glucoside 

and blueberry pectin complexes were found to be restoring the DSS effect on BAX and 

BCL-2 proteins expressions in Balb/c mice (Tan et al., 2022).   

Cytokines are important mediators of inflammation and elevated levels of pro-

inflammatory cytokines such as TNF-α, IL-6 and IL-1β are observed in patients with UC 

and also in DSS-induced colitis models (Li et al., 2018). They are mainly secreted by 

macrophages and neutrophils which penetrate the colon and are destined to regulate the 

inflammatory response (Li et al., 2019). In particular, TNF-α plays an essential part in 

suppressing tumours and viruses. However, when TNF-α is overexpressed, a continuous 

inflammatory reaction occurs (Naito et al., 2004). There is growing evidence that the pro-
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inflammatory cytokines IL-6 and IL-1β play a crucial part in the uncontrolled colitis 

process (Atreya & Neurath, 2005; Coccia et al., 2012). The increased level of IL-6 leads to 

overexpression of signal transducer and activator of transcription 3 (STAT3) pathway, 

which in turn causes induction of anti-apoptotic genes such as B-cell lymphoma-extra large 

(Bcl-xl) (Atreya & Neurath, 2005). As literature suggested, high levels of IL-1β secretion 

by colon lamina propria monocytes were observed in patients with active IBD and high 

levels of IL-1β were associated with active lesions which facilitated the localized 

inflammation (Coccia et al., 2012). Thus, modulators of these inflammatory cytokines may 

provide important clues to the treatment of colitis. In the present study, serum levels of 

TNF-α and IL-6 cytokines were significantly increased in the experimental model group in 

comparison with the control group, with no detectable change in serum IL-1β and colonic 

expressions of TNF-α and IL-6 expressions. However, AHF and/or probiotics diets were 

potent in downregulating the serum TNF-α and IL-6 cytokine expressions. Consistent with 

our findings, DSS administration had no significant change in the colonic TNF-α 

expression of male Wistar rats when compared to the control; however, it was reduced by 

grape pomace extract which contains high amounts of anthocyanins, hydroxycinnamic 

acids, flavanols and flavonol glucosides (Boussenna et al., 2016). These findings indicate 

the complexity of the regulation of TNF-α in murine models. As reported in other studies, 

diets of anthocyanin-rich powders such as Goji berry (Y. Kang et al., 2017), Maqui berry 

(Zhou et al., 2019), Aronia berry (S. Kang et al., 2017)and probiotics such as Lactobacillus 

acidophilus (Hu et al., 2020), were potent in reversing DSS-induced cytokine up-

regulation. Feeding of black rice anthocyanin extracts along with rosmarinic acid in a dose 

of 0.5 mg/mouse/day to 1.0 mg/mouse/day was effective in reducing the DSS-induced 
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elevation of serum TNF-α and IL-1β cytokine expression in C57BL/6 mice (L. Zhao et al., 

2018). Further, the doses of 1.0 mg/mouse/day and 2 mg/mouse/day of black rice 

anthocyanin and rosmarinic acid reduced the serum IL-6 levels. To elaborate further, oral 

administration of crude anthocyanin extracts of Aronia berry (2 mg/mouse/day) reduced 

the serum levels of TNF-α and IL-6 levels in C57BL/6 mice (S. H. Kang et al., 2017). 

Previously reported studies have used crude extracts of anthocyanin which consisted of 

many other polyphenol fractions and not solely anthocyanin. Therefore, solely the 

anthocyanin-rich fractions may not be effective as same as the whole berry powder in the 

prevention of DSS-induced acute colitis. Moreover, the amount of anthocyanin and the 

mode of anthocyanin administration also influence its effectiveness in attenuation of 

colitis. As an example, vacuum-dried ethanol extraction of mulberry anthocyanin in a dose 

of 4 mg/mouse/day (was more effective than 2 mg/mouse/day) administered via oral 

gavage for 14 days reduced the severity of DSS-induced colitis in C57BL/6 mice in the 

terms of reversing the colonic levels of cytokines; TNF-α, IL-6 and IL-1β (Mo et al., 2022).  

Moreover, oral gavage allows for more precise volume and dose delivery and faster peak 

absorption of unstable or unpalatable compounds, as compared with delivery in feed (Gad, 

2006). In agreement with these findings, intraperitoneal injection of C3G, in a dose of 1 

ug/mouse for every two days, a total of three times also improved the DSS-induced 

cytokine expressions in C57BL/6 mice (Xia et al., 2019). The oral administration of 

blueberry anthocyanin (40 mg/kg) dissolved in 100 µL of physiological saline also 

inhibited the TNBS-induced experimental colitis in C57BL/6 mice (Yu et al., 2011). Taken 

together, these findings confirmed that the composition, dose, and mode of the delivery 

method of anthocyanin is crucial for its pronounced anti-inflammatory effects and further 
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optimizations are needed. Moreover, gut microbiota affects host immune response and can 

induce an imbalance in cytokine levels in which the TNF-α production capacity appears to 

be more strongly influenced by the microbiome, whereas other cytokines such as IL-1β 

and IL-6 exhibit fewer, but more specific, associations with the gut microbiota (Schirmer 

et al., 2016). Consistent with that, the mice with intact gut microbiota and gut microbiota 

ablated mice (using antibiotics) showed differences in colonic cytokine levels upon DSS 

administration followed by purple/red fleshed potato supplementary diets (Wang, 2019). 

The colonic TNF-α levels were not altered in intact gut microbiome mice and no effect of 

potato diets was observed, whereas, TNF-α levels were drastically increased with DSS 

administration in gut microbiota ablated mice and red fleshed potato diets down-regulated 

the expression. In contrast to that, purple or red potato supplementations ameliorated DSS-

induced up-regulation of colonic IL-6 and IL-1β levels in mice with the intact gut 

microbiome, but not in gut microbiota ablated mice (Li et al., 2021).   

The colon epithelium maintains its selective permeabilities by limiting the passage 

of pathogenic bacteria and/or their toxic metabolites, chemical toxins, and antigens and 

permitting the absorption of nutrients, electrolytes and water (Groschwitz & Hogan, 2009). 

The TJs, typically located at the apical side, play a vital role in contributing to the sealing 

of paracellular spaces of epithelium and consist of at least 40 different proteins including 

claudins and occludin (Kosińska & Andlauer, 2013). However, there are inconsistencies in 

the reported literature on DSS-induced TJ expression. The colitis induced by 2.5% DSS in 

Balb/c mice down-regulated the colonic occludin and claudin-4 expressions; with inducing 

no change in claudin-2 and claudin-3 expressions (Mennigen et al., 2009). Similar results 

were observed by Mo et al. (2022) for occludin, whereas the claudin-3 was down-regulated 
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in C57BL/6J mice. In contrast, another study claimed to observe increased levels of 

claudin-2, occludin and decreased levels of claudin-3 in 2.5% of DSS-treated C57BL/6J 

mice (Bibi et al., 2018). In a study that investigated on anti-inflammatory effect of Goji 

berry, the administration of 3% DSS on C57BL/6 mice resulted in increased levels of 

colonic claudin-2 expression (Y. Kang et al., 2017). Partially agree with the above findings, 

a study conducted by Čužić et al. (2021) indicated a higher elevation in claudin-4 and 

reduction in claudin-2 and claudin-3 expressions in C57BL mice colonic tissues once 

administered with 3% DSS. Taking it together, it is clearly visible that DSS-induced 

changes in TJ expression are varied upon the dose of DSS and even in the same mouse 

strain. To date, the exact mechanism by which DSS causes colitis and loss in TJ proteins 

is poorly identified. Considering the functionality of claudins, claudin-2 is recognized as a 

pore-forming protein whereas claudin-3 and claudin-4 are involved in the pore-sealing 

process (Khan & Asif, 2015). In this context, overexpression of claudin-2 should result in 

increasing intercellular permeability and leakiness while overexpression of claudin-3 and 

4 enhances the paracellular barrier and reduces intercellular permeability. In agreement 

with that, colon biopsies taken from active UC patients exhibited, a significant 

downregulation of pore-sealing claudin-4, upregulation of pore-forming claudin-2 (Das et 

al., 2012; Oshima et al., 2008), and no change in claudin-3 expressions (Oshima et al., 

2008). In addition to that, an analysis of colonic biopsies of UC patients revealed over-

expression levels of occludin in the active colitis stage (Yamamoto-Furusho et al., 2012). 

The dysfunction of TJ proteins, therefore, can cause colitis by weakening the intercellular 

adhesion and by promoting intestinal permeability for pathogenic bacteria (Oh-oka et al., 

2014). Thus, to investigate the effect of AHF and probiotics on DSS-induced epithelial TJ 



110 

 

protein expressions, mice colon tissues were analyzed using western blot analysis. As 

observed DSS or supplementary diets were failed to induce significant difference in 

occludin and claudin-2, 3 and 4 expressions. Conversely, Bibi et al. (2018), evaluated the 

intestinal barrier protective activity of anthocyanins from red raspberries and reported that 

the red raspberries supplementation observably suppressed the elevation of claudin-2 

protein and enhanced the expression of claudin-3 and occludin under DSS treatment. 

Similarly, in a recent study, oral gavage of mulberry anthocyanin (4 mg/mouse for 14 days) 

reversed the DSS-induced down-regulation of the expression of occludin and claudin-3 in 

mice colon tissues (Mo et al., 2022). Further, the dose of 2 mg/mouse was not effective in 

restoring the changes. The VSL#3 (15 mg) containing 2.7 billion freeze-dried bacteria 

(Streptococcus thermophilus, Bifidobacterium longum, B. breve, B. infantis, Lactobacillus 

acidophilus, L. plantarum, L. casei, L. bulgaricus) and corn starch administered via gastric 

tube improved the DSS-induced reduction in occludin and claudin-4 but not the claudin-2 

and claudin-3 expressions (Mennigen et al., 2009). Once the DSS treatment is stopped, 

colons can be regenerated as inflammation resolution/epithelial repair occurred (Vidal-

Lletjós et al., 2019). Hence, DSS-induced colonic epithelial changes are restored. In the 

present study, mice were sacrificed on the 6th day DSS was arrested. As the literature 

suggested, the maximum severity of DSS-induced colitis was observed 2 days after the 

DSS termination and colon inflammation was still evident 5 days after DSS consumption 

arrest (Vidal-Lletjós et al., 2019). However, as such, any effect of DSS on TJs could not 

be due to the ongoing colonic regeneration that occurred after the end of DSS. 

The DSS-induced colitis also changed the morphological structure of the colon 

tissue which was evident by the histopathological observations. Results of H&E staining 
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of colon tissue revealed that the epithelial cells of the control group were normal as 

expected. The crypt structure was regular and with no spaces, damages, or hyperplasia. 

Further, a control group of mice colon tissues were found with no ulcers/inflammatory 

lesions, submucosal edema, or leukocyte infiltration. However, the colonic tissues of mice 

in the experimental model group, which significantly differed from the control group, 

showed the typical architecture of severe inflammation, which was indicated by massive 

loss of crypts, crypt hyperplasia, large inflammatory lesions/ulcers in the submucosa, lack 

of surface epithelium, obvious leukocyte infiltration and submucosal edema. Similar tissue 

architectures were reported for DSS-induced colonic destruction (Bibi et al., 2018; S. H. 

Kang et al., 2017; Mo et al., 2022; Zhou et al., 2019). As expected, the diets of free AHF 

and free AHF + probiotics mitigated the severity of inflammation in DSS-treated mice. 

Similarly, mulberry anthocyanin extracts (Mo et al., 2022), purple carrot (Kim et al., 2018), 

black rice anthocyanin (L. Zhao et al., 2018) and L. plantarum AR113 alleviated the 

histological symptoms of inflammation of colon in DSS-induced mice. Moreover, the 

histology score of the present study was negatively correlated with colon length and colon 

weight, indicating that mice fed with free AHF + probiotics and free AHF tended to have 

higher colon length and lower histology score or lower disease severity with respect to the 

experimental model. On the other hand, the same feeding groups exhibited the least DAI 

and histology score with respect to other dietary groups and the experimental model group. 

As indicated, colonic cytokine levels (IL-6, TNF-α and, IL-1β) were increased with 

histology score providing a moderately positive relationship. The levels of cytokines, in all 

dietary supplementary groups, tended to have less disease severity than that of the 

experimental model.  
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The mice's fecal microbial composition was analyzed using 16S rRNA sequencing 

technology followed by calculations of four major ecological parameters, including 

Pielou’s evenness (to show how evenly the individuals in the community are distributed 

over different operational taxonomic units), faith phylogenetic diversity (pd, the abundance 

of microbial population and includes the abundance of rare species), observed features 

(richness of the microbial community) and Shannon index (the combined parameter of 

richness and evenness) as to explore the alpha diversity (Rodríguez-Nogales et al., 2017; 

Wu et al., 2020). The higher the alpha diversity index, the more complex the diversity of 

the sample (Wu et al., 2020). The results of the present study showed that the treatment 

with 3% DSS resulted in a decrease in the species' alpha diversity. However, faith pd, 

observed features and Shannon index values of mice fed with a probiotics diet appeared 

similar to that of the control group, whereas free AHF + probiotics and probiotics groups 

resembled Pielou’s evenness in the control group. In agreement with the findings of the 

present study, previous studies also demonstrated the effect of probiotics on restoring 

microbial alpha diversity. The diet of L. fermentum successfully improved the microbial 

richness, evenness, and diversity in 3% DSS-treated male C57BL/6J mice (Rodríguez-

Nogales et al., 2017). In another study that examined the effect of polyphenol-rich grapes, 

Azoxymethane + DSS treatment significantly reduced the gut microbial richness and 

evenness as indicated by the Shannon index and 10% grape polyphenols improved the 

Shannon index and Pielou’s evenness of male Balb/c mice but failed to improve the 

observed features and faith PD indexes (Wu et al., 2020). As per the results obtained in the 

present study, encapsulated AHF was not efficient as free AHF in the prevention of DSS-

induced colitis. As reported by Miles et al. (2017), the DSS-induced disease severity was 
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worsened by adding inulin (200 g/kg of diet) to a compositionally defined diet in C57BL/6 

mice. The mice fed with diets of inulin exhibited greater splenomegaly which is associated 

with severe systematic inflammation, obvious gross rectal bleeding and severe gut 

inflammation as observed in the histopathologic analysis. However, the exact mechanism 

by which inulin elevates the DSS-induced inflammation is unknown. Seven days of pre-

treatment with inulin also failed to improve the DSS (3%)-induced colitis in C57Bl/6 mice 

(Nadolski et al., 2020). As reported, inulin pre-treated, DSS-exposed mice were positive 

for blood in the stool a day sooner than mice given DSS only and the disease activity index, 

colon length, colon weight and histological score were similar in inulin-treated mice and 

non-inulin-treated colitis mice. Contrarily, there are supportive studies on the anti-

inflammatory effects of inulin as well. The Swiss albino mice received 2.5% of DSS and 

1% (w/v) inulin in their drinking water for 7 days and showed improved DSS-induced 

colitis symptoms by reducing the NO production (Ryma et al., 2014). In the current 

findings, the inulin-induced elevation of colitis was not observed. Therefore, the role of 

inulin in DSS-induced colitis is yet to be explored. The reason for not observing a 

significant impact of dietary supplementation could be due to the smaller sample size used; 

however, the number of animals used in the study was selected adhering to the 3R rule; 

replacement, reduction and refinement. Further, the mouse models even differed from one 

another in their responses to inflammatory conditions and recovery status (Akhtar, 2015). 

Taking together, free AHF and free AHF + probiotics diets mitigated the severity of DSS-

induced acute colitis in Balb/C mice as demonstrated by improving the colon length, 

reducing the DAI and, downregulating the TNF-α and IL-6 expressions. The AHF is rich 

in C3G, which has has intensively been studied for its anti-inflammatory properties. In 
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general, C3G metabolizes in the stomach followed by hydrolyzation happens in the small 

intestine, specifically in the ileum (Cheng et al., 2021). The phenolic acid metabolites 

produced during this process are mainly protocatechuate (PCA) and phloroglucinaldehyde 

(PGA). Under the regulation of gut microbiota, PCA and PGA further metabolized into 

microbial metabolites such as vanillic acid and ferulic acid (Cheng et al., 2021). Even more 

than 20 kinds of C3G metabolites have been identified, mainly PCA, vanillic acid and 

ferulic acid and their derivatives are considered the potential bioactive metabolites against 

inflammation (Amin et al., 2015). As well, PCA has been reported to inhibit the production 

of inflammatory mediators, such as IL-6, TNF-α, IL-1β, and prostaglandin E2 (PGE2), 

potentially by suppressing the activation of NF-κB and extracellular signal-regulated 

kinase (ERK) in murine BV2 microglia cells and colitis-model mice (Tan et al., 2019). The 

vanillic acid can also inhibit the production of pro-inflammatory cytokines such as TNF-

α, IL-6, IL-1β, and IL-33 by down-regulating caspase-1 and NF-κB pathways (Calixto-

Campos et al., 2015). In addition to that, a clinical study revealed that ferulic acid 

administration ameliorated inflammation, concomitantly reduced plasma TNF-α and IL-6, 

and increased IL-10 levels in human subjects (Katcher et al., 2008). The anti-inflammatory 

effects of probiotics have been also explored. The exact mechanism of how probiotics exert 

anti-inflammation is yet to be understood. However, as reported in many studies, probiotics 

are potent in reducing inflammation by producing the immunoregulatory factors, that 

directly suppress the pro-inflammatory cytokines, by promoting the proliferation of 

regulatory T lymphocytes, resulting in cell contact-dependent immunoregulation and the 

secretion of anti-inflammatory cytokines and also by modulating gut microbiota 

(Versalovic et al., 2008). As demonstrated in the present study, the combination of free 
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AHF and probiotics improved the DSS-induced colitis more than the probiotic alone group. 

In addition to that, microencapsulated AHF was not effective in reducing the colitis 

severity in experimental mice. However, the underlying mechanism of the free AHF and 

free AHF + probiotics in the prevention of DSS-induced colitis is yet to be understood.  
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CHAPTER 06: CONCLUSION 

6.1 Research Summary  

 Despite the advanced medical treatments, ulcerative colitis or the chronic 

inflammatory disease affecting the colon is rising worldwide. The pathogenesis is 

multifactorial, involving genetic predisposition, epithelial barrier defects, dysregulated 

immune responses, and environmental factors (Ungaro et al., 2017). The colonic 

inflammatory condition is a major risk factor for colitis-associated colon cancer (CAC). 

Therefore, by regulating colonic inflammation, the prevalence of CAC can be controlled. 

There is an increasing interest in anti-cancer and anti-inflammatory polyphenols derived 

from plant-food due to their known safety. However, their low bioavailability in human 

body, makes it difficult to utilize them as functional foods or nutraceuticals. In order to 

facilitate bioavailability and target delivery, phytochemicals can be encapsulated with non-

digestible polymers. Upon reaching the colon, via the action of gut microbiota, the 

encapsulated matrix will be disintegrated, and active compounds are released to be 

absorbed. Based on this phenomenon, the present study used maltodextrin and inulin (wall 

materials, 3:1 ratio) to encapsulate the anthocyanin-rich fraction extracted from haskap 

berry (AHF). The wall materials to AHF ratio was selected as 1:1.5 after considering a few 

analysis parameters, such as having a lower moisture %, higher solubility, average particle 

size, higher encapsulation efficiency, encapsulation recovery and encapsulation retention. 

The AHF microparticles were observed with broken glass structures with sharp edges and 

inconsistent shapes. The cyanidin-3-rutionoside, cyanidin-3-glucoside, cyanidin-3,5-

diglucoside and peonidin-3glucoside were the main anthocyanins found in AHF 

microparticles. Assessment of the preventive potential of free and encapsulated AHF 
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microparticles with or without combining with probiotics, the DSS-induced acute colitis 

model was used. The mice received 3% of DSS in drinking water for seven days and were 

given supplementary diets throughout the experimental period. The mice fed on free AHF 

and free AHF+ probiotics were observed with significantly longer colons than the 

experimental model group. Moreover, supplementation of free AHF and free AHF + 

probiotics mitigated the severity of DSS-induced colitis in terms of producing the least 

DAI index which was calculated using body weight loss, stool consistency and occult 

blood. In addition to that, the same supplementary diets of free AHF and free AHF + 

probiotics were able to reduce the serum levels of pro-inflammatory cytokines TNF-α and 

IL-1β. Specifically, mice fed on probiotics alone showed with a trend of improvement in 

TJ protein expression in colonic tissues which was analyzed using western blotting. The 

supplementary diets were potent in attenuating the DSS-induced histopathological changes 

in mice colon tissues. The colonic ulceration, neutrophil infiltration, crypt damage, crypt 

loss, crypt hyperplasia and edema were lessened in mice fed with free AHF and free AHF 

+ probiotics diets. Interestingly, the diets of AHF and AHF + probiotics improved the 

alpha-diversity index of mice fecal microbiota as well. However, encapsulated AHF 

microparticles were not effective in attenuating the DSS-induced colonic inflammation as 

hypothesized. Taken together, considering the in vivo findings of this study, it can be 

concluded that free AHF and free AHF + probiotics attenuate the DSS-induced colitis in 

mice, thus need further investigations.  
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6.2 Future recommendations 

 

 The current study targeted to investigate the free and encapsulated AHF 

microparticles and probiotics in the prevention of DSS-induced acute colitis. It was found 

that AHF microparticles produced, using maltodextrin and inulin as wall materials were 

not effective as free AHF in DSS-induced colitis prevention. As reported in the latest 

studies, inulin might have caused the facilitation of colitis in the mice fed with AHF 

microparticles. Hence, there is a need to re-evaluate the anti-inflammatory potential of 

AHF microparticles which can be produced with alternative wall materials such as 

chitosan, pectin, and guar gum.  The dextrose equivalent of maltodextrin also needs to be 

taken into consideration. The in vitro simulatory gastrointestinal digestion can be 

performed to investigate the in vitro bio-accessibility of the AHF microparticles which can 

be used to measure the amount of bioactive materials that reach the colon. Further studies 

should be included to investigate the anti-inflammatory properties of the synbiotic mixture 

(free AHF + probiotics) in in vitro models. Considering the in vivo experiment, providing 

supplementary diets by oral gavage would have produced more pronounced effects. The 

immunohistochemistry analysis of tight junction proteins, anti- and pro-apoptotic proteins 

and colonic cytokine would help to confirm the results of western blot analysis. When 

proceeding with the fecal microbiome analysis, analyzing the fecal microbiome before the 

DSS administration would provide more insights into how the microflora was altered. In 

addition to that, sacrificing the mice need to be done soon after the DSS is terminated.
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      APPENDIX A: COLON HISTOPATHOLOGICAL SCORING 

 

Score 
Leukocyte 

infiltrate 
Crypt damage Ulceration Edema Crypt hyperplasia 

 

0 

none 

(including lymphoid 

aggregates often seen in 

healthy colon) 

none 

(may be rare patch “empty” 

or vacuoles in healthy) 

none 

(intact epithelium, 

wary of histological 

artefacts) 

none 

(mucularis mucosa 

tight to mucos and 

muscle 

none 

(crypt heights generally 

uniform but may differ at 

different areas)  

 

1 

occasional patchy cells 

(limited to base of crypt 

lamina propria in IL-

10ko, ± submucosal in 

DSS) 

patchy crypt loss, spaces 

appear between crypts 

small, focal ulcers 

(<3 total and <15 

crypt widths) 

present and 

obvious, 

 (may be patchy, 

typically with 

cells) 

1 or 2 patches visible at  

low power, < 75% 

higher than the average 

flanking crypts & 

boundary clear 

2 significant presence of 

cells in lamina propria, 

limited to focal areas 

 

1 or 2 long stretches 

lacking crypts, loss of 

goblet cells, some 

shortening of crypts 

frequent small 

ulcers 

(>3 < 5 crypt 

widths, or 1 or 2 > 

15 crypt widths) 

 1 or 2 patches ~75% 

higher than flanking 

crypts  

3 infiltrate present in 

submucosa in focal areas 

 

single long stretch, < 15 

crypt widths 

multiple large 

stretches lacking 

surface epithelium, 

not necessarily 

>50% length 

 >2 patches or ≥75% 

higher than flanking 

crypts, striking at low 

power 

 

4 

large numbers in 

submucosa, lamina 

propria and surrounding 

blood vessels, covering 

~50% of colon length or 

involves proximal colon 

multiple large stretches 

lacking crypts though < 

50% colon length, typically 

obscured by infiltration 

or involves proximal 

(colon is “mushy”) 

   

 

5 

occupying ≥50% of colon 

length and/or transmural 

inflammation or 

abundant crypt 

abscesses 

(colon is mushy) 

    

 

1
5
2
 


