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ABSTRACT 
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Degree DOCTOR OF PHILOSOPHY 
Academic Year 2022 
Thesis Advisor Professor Chatsri Deachapunya , Ph.D. 
Co Advisor Associate Professor Sutthasinee Poonyachoti , D.V.M., Ph.D. 

  
Kaempferol is a flavonol, mostly found in plants and identified as the most potent 

stimulator of Cl- secretion in airway epithelial cells. This study aims to investigate the effects and 
cellular mechanisms of kaempferol on ion transport in colonic epithelial T84 cells. The cytotoxicity of 
kaempferol on T84 cells was examined by MTT assay. The electrical parameters were measured 
using the Ussing chamber technique. CFTR protein expression was determined by western blot. The 
results showed that kaempferol treatments (1, 5, 10, 50, and 100 µM) for 24 and 48 h had no toxicity 
to T84 cells. In intact monolayers, the apical and basolateral addition of kaempferol exerted a 
biphasic short circuit current (ISC) response. Concentrations of less than 50 µM induced a 
concentration-dependent increase in ISC with an EC50 of 8.18 µM whereas high concentration 
inhibited ISC. Kaempferol (50 µM)-increased ISC was inhibited by CFTR inhibitors (Glibenclamide and 
NPPB) or NKCC blocker (bumetanide), but not CaCC inhibitors (CaCCinh-A01 and DIDS) or the Na+ 
channel blocker. The ion substitution tests indicated that kaempferol-increased ISC was dependent on 
Cl- secretions. In amphotericin B-permeabilized monolayers, kaempferol-stimulated apical Cl- current 
(ICl) was inhibited by Cl- inhibitors (CFTRinh-172 and CaCCinh-A01). Kaempferol had no additive 
effects in the presence of forskolin or 8cpt-cAMP. Moreover, kaempferol activated the basolateral 
K+ current (IKB). The kaempferol-stimulated ICl was decreased by protein kinase A inhibitor (H89) 
whereas it was not abolished by tyrosine kinase inhibitors (AG490 and tyrphostin A23) or tyrosine 
phosphatase inhibitor (vanadate). Kaempferol treatment for 24 h increased CFTR protein expression. 
Conclusively, kaempferol activates Cl- secretion through activating apical Cl- current and basolateral 
K+ current in T84 cells. Its mechanism may involve the cAMP/PKA pathway along with increasing 
CFTR protein expression. The findings indicated the therapeutic benefit of using kaempferol to 
promote fluid secretion into the intestinal lumen which can be used to treat constipation. 

 
Keyword : T84 cells, Kaempferol, Short circuit current, Apical chloride current, cAMP/PKA pathway 
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CHAPTER 1  
INTRODUCTION 

The colonic epithelium is essential for the homeostasis of the digestive tract by 
regulating transepithelial ions and water transport between the intestinal lumen and the 
blood circulation. Under physiological conditions, approximately 1.3–1.8 liters of 
electrolyte-rich fluid are absorbed daily by the colon.(1) Furthermore, secretion of mucus 
and electrolytes is another crucial role of the colon, which is balanced by absorption. 
Net transport of electrolytes and water across the colonic epithelium depends on the ion 
transport machinery, composed of several ion channels, membrane transporters, 
pumps, and water channels distributed along the luminal and the basolateral 
membrane. The function of these transport proteins leads to the results of well-balanced 
absorption and secretion. 

The primary determinant of fluid absorption is the amount of sodium ( Na+) 
absorption. In the proximal colon, electroneutral Na+ transport occurs via Na+/H+ and Cl-

/HCO3
- exchangers in the luminal membrane, resulting in NaCl absorption. In the distal 

colon, electrogenic absorption via amiloride-sensitive Na+ channels (ENaC) is the 
predominant mechanism of Na+ absorption which is under the influence of 
aldosterone.(2) Under this circumstance, Cl- secretion is caused by cystic fibrosis 
transmembrane conductance regulator (CFTR) channels and other Cl - channels, for 
instance, Ca2+-activated chloride channels (CaCC). The transepithelial Cl- secretion 
processes depend on the combined activity of several transport proteins by which the 
Na+/K+-ATPase located on the basolateral membrane generates the Na+ gradient, 
leading to the combined movement of Na+, K+, and Cl- into the cells via basolateral 
Na+/K+/2Cl- cotransporter (NKCC). Then, Cl- are mainly secreted via the CFTR Cl- 

channel in the apical membrane,(3) producing an osmotic gradient and resulting in a 
subsequent fluid movement from the basolateral interstitium into the lumen. In addition, 
basolateral K+ channels play an essential role in recycling K+, which hyperpolarized 
membrane and creates electrical driving force required for Cl- secretion.(1) Besides, the 
epithelial cell can maintain K+ homeostasis through secreting K+ by the distal colon.(4) 
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In general, the process of Na+ absorption occurs to a greater extent than Cl- and 
K+ secretion to prevent the loss of water and electrolytes from the body.(5) Although the 
net effect is Na+ absorption, Cl- and K+ secretion plays a crucial role in preventing 
epithelial surface dehydration and controlling luminal pH. Previous research has 
demonstrated that the pH level of the gastrointestinal lumen promotes both innate 
immunity and epithelial barrier function.(6) Moreover, an appropriate level of luminal fluid 
for digestive process depends on fluid secretion, mainly driven by Cl- secretion.(7) This 
Cl- secretion leads to a suitable environment for enzymatic digestion, nutrient 
absorption, and stool movement.(8) Hence, Cl- secretion followed by fluid secretion 
promotes the colonic epithelial barrier to protect against infection and increases fluidity 
to reduce constipation.  

Cl- secretion in the colon is regulated by hormones, neurotransmitters and 
various substances that are mediated through intracellular signaling cascades, such as 
cyclic adenosine monophosphate (cAMP) signaling pathway and Ca2+ signaling 
pathway or controlled by a direct activation of the CFTR Cl- channel. The cAMP signaling 
pathway is demonstrated by activators of cAMP (e.g., vasoactive intestinal peptide, 
prostaglandins). These activators bind to their specific membrane G-protein coupled 
receptors (GPCRs) which leads to stimulation of adenylate cyclase (AC) to convert 
adenosine triphosphate (ATP) to cAMP.(9) The increased cAMP, in turn, activates protein 
kinase A (PKA), which phosphorylates transport proteins to increase CFTR channel 
activity.(10, 11) Furthermore, proline-rich tyrosine kinases (Pyk2) and Src family kinases 
(SFK) may directly phosphorylate CFTR to promote CFTR activity.(12, 13) These tyrosine 
kinases can also cause robust activation of quiescent CFTR channels.(14) The tyrosine 
kinase induced direct activation of CFTR is independent of protein kinase A and protein 
kinase C. Phosphorylation of CFTR on tyrosine residues by c-Src and Pyk2 produces 
chloride currents that are 80% greater than those generated through PKA.(14) 
Furthermore, the Cl- secretion by colonic epithelium can be regulated by Ca2+ signaling 
pathway.(15) The Ca2+ signaling pathway is stimulated by muscarinic agonists that bind to 
GPCRs via muscarinic M3 receptor(15, 16) to stimulate Gq. Phospholipase C (PLC) is 
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activated when Gq is active, and phosphatidylinositol 4,5-bisphosphate (PIP2) is 
converted to inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 elevates 
intracellular Ca2+ levels whereas DAG stimulates specific kinds of protein kinase C. The 
increased intracellular Ca2+ stimulates Cl- secretion via CaCC.(17, 18) 

Maintaining proper Na+ absorption and Cl- secretion keeps the body in 
physiological homeostasis. However, malfunction in the absorption and secretion 
through the colonic epithelium can lead to diarrhea or constipation. For example, 
dysfunction of Na+ absorption has been found in patients with chronic pain receiving 
opioids. An opioid agonist binding to peripheral µ-opioid receptors in the GI tract 
reduces bowel tone, slows peristaltic activity, and decreases mucosal secretions. 
Hence, these effects cause slow intestinal transit, subsequently increase Na+ and fluid 
absorption and finally lead to opioid-induced constipation (OIC).(19) 

Dysfunction of Cl- secretion can also cause diarrhea or constipation. Alteration in 
Cl- transport observed in secretory diarrhea has been associated with the enterotoxins of 
several species of bacteria that cause increases in cAMP to activate CFTR channels, 
resulting in overstimulation of Cl- secretion.(1) Conversely, the decrease in Cl- secretion is 
a common cause of chronic constipation in the elderly that severely affects the quality of 
life. Studying of active ion transport in the rabbit colon has been found to relate with the 
aging process.(20) In mature animals, cAMP-dependent Cl- secretion declines 
significantly while Na+ absorption does not. This discovery is supported by a reduction 
in stool water content and the number of colonic crypts containing non-goblet cells. This 
is consistent with studies in human rectal and colonic biopsies which indicate that 
cAMP-dependent and cholinergic Cl- secretion is highest in neonates and lowest in the 
elderly.(21) In addition, the decrease in Cl- secretion observed in cystic fibrosis patients is 
due to not only impairing cAMP-dependent Cl- conductance but also enhancing Na+ 
absorption as assessed by Ussing chamber technique in human rectal biopsies.(22) 
Thus, alterations in ion transport activity and function lead to ion transport-related 
disorders which require medication for treatment or, in severe cases, may require 
hospitalization.(23, 24) For this reason, a promising natural compound that are capable of 
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modulating ion transport has been received much attention as it will help attenuate these 
ion transport-related disorders and even reduce adverse events or chemical residues in 
patients using modern medicines.  

Flavonoids belong to the group of plant polyphenols widely found in fruits, 
soybeans, and vegetables which are ingested by humans as a regular diet.(25) Several 
studies have reported a wide variety of pharmacological effects of flavonoids on 
mammalian cells and tissues, such as anti-oxidative, anti-inflammatory, anti-mutagenic, 
and anti-carcinogenic effects.(26) However, the transport-related properties of flavonoids 
are limited to some classes of flavonoids, especially flavonol, which consists of 
quercetin, kaempferol, myricetin, and isorhamnetin. Among flavonol compounds, 
quercetin gets the most extensive study on the control of ion transport in the intestine. 
Quercetin induces Cl- secretion in rat small intestine and colon, which is observed by an 
increase in short-circuit current ( ISC)  in Ussing technique(27) and activation of the 
basolateral K+ channel in rat distal colon mucosa.(28) Quercetin also stimulates Cl- 
secretion via the CaCC in human colon adenocarcinoma cells. In intestinal tissues, 
quercetin increases ISC by increasing calcium concentration via L-type Ca2+ channel and 
activating basolateral NKCC, Na+/K+-ATPase, and K+ channels.(29) In addition, previous 
studies with baicalein, a flavone type of flavonoid, have demonstrated its effect on 
stimulating Cl- secretion in human colonic epithelial cells through an increase in 
intracellular cAMP and PKA activity.(30, 31) However, the cellular mechanisms of flavonol in 
the colonic epithelial cells are still unclear, especially in kaempferol. 

Kaempferol is a flavonol compound widely distributed in grapes, broccoli, 
tomatoes, spinach, and tea. A report has shown that kaempferol stimulate electrogenic 
Cl- secretion on the T84 colonic adenocarcinoma cell line, but the effect is less potent 
than quercetin under basal condition while myricetin produces minimal responses.(32) 
Conversely, kaempferol can produce the maximum effect of Cl- secretion in human 
airway epithelium, followed by apigenin, quercetin, and genistein, respectively, on 
cAMP-activated Cl- secretion by forskolin.(33) This study suggested that kaempferol is the 
highest potency of all tested flavonoids, identified by the significant effect on short 
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circuit current. Interestingly, the mechanism of action for flavonoids appears to depend 
on the stimulation level of the cAMP-PKA system.(33) Nevertheless, based on 
electrophysiological studies, information is limited concerning the effects and 
mechanisms of kaempferol on the absorptive and secretory function of the intestinal 
epithelia. This draws our attention to investigate the effect and cellular mechanism of 
kaempferol on the modulation of ion transport in colonic epithelium using the human 
colonic adenocarcinoma cell line (T8 4 ) . These cells were commonly used as a cell 
model of colonic epithelial cells to study transepithelial ion transport as they exhibit 
several ion channels and transporters such as CFTR, CaCC, ENaC, basolateral NKCC, 
and several other vital components involved in multi-level ion transport.(34, 35)  

The findings obtained from the present study may provide more scientific 
information about the effect and significant mechanisms of using kaempferol regarding 
ion transport regulation in colonic epithelium. It also provides data as a candidate 
substance in the flavonol group to be developed as a drug for treating ion transport-
related disorders. 
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Hypotheses of the Study 
1. Kaempferol can increase the basal short circuit current in the colonic 

epithelial T84 cell monolayer. 
2. Kaempferol can increase the apical chloride current in the basolaterally 

membrane permeabilized T84 monolayer. 
3. Kaempferol may activate chloride secretion through CFTR and CaCC via 

cAMP, intracellular calcium, and tyrosine kinase and tyrosine phosphatase signaling 
pathways. 

4. Kaempferol can increase the expression of CFTR proteins. 
 

Objectives of the Study 
1. To investigate the effect of kaempferol on basal transport property in colonic 

epithelial T84 cell monolayer 
2. To identify the effect of kaempferol on chloride secretion through CFTR and 

CaCC in colonic epithelial T84 cell monolayer 
3. To evaluate the cellular mechanisms of action of kaempferol involved in 

cAMP, intracellular calcium, and tyrosine kinase and tyrosine phosphatase signaling 
pathways 

4. To elucidate the genomic effect of kaempferol on the expression of CFTR 
protein



 

CHAPTER 2  
LITERATURE REVIEW 

2.1 Gastrointestinal tract 
The gastrointestinal tract (GI tract) consisting of several organs forms a long 

tube starting from the mouth to the anus. The mouth, esophagus, stomach, duodenum, 
jejunum, and ileum comprise the upper GI tract, whereas the colon, rectum, and anus 
comprise the lower GI tract. The principal functions of the GI tract are digestion of food, 
absorption of nutrients and vitamins, secretion of water and salt, and excretion of waste 
products. Several organs accomplish these functions with diverse functions ranging 
from the mouth to the anus.(36) Peristalsis of the esophagus is an activity of muscle 
contractions that moves food from the pharynx into the stomach. After digestion by 
gastric acid and digestive enzymes, chyme, the breakdown products of the food bolus, 
passes the pyloric sphincter and enters the duodenum. In order to facilitate nutrient 
absorption in the small intestine, the mechanism of digestion then breaks down the 
carbohydrates, lipids, and proteins into shorter molecules. Several auxiliary organs, 
including the salivary glands, pancreas, liver, and gallbladder, assist the digestive 
process. After the luminal contents reaching the colon, they are referred to as feces and 
are able to be eliminated through the rectum and anal canal.(37)  

The cross-sectional structure of the GI tract from the lumen outward is divided 
into four layers: mucosa, submucosa, muscularis, and serosa or adventitia.(38) The 
mucosal layer is lined with composed of epithelial cells capable of absorption and 
secretion. The submucosal layer contains the nervous, lymphatic, and connective tissue 
systems. The muscle layer is composed of both longitudinal and circular smooth 
muscles. The connective tissue that borders the digestive system is referred to as 
adventitia above the diaphragm and serosa below it. The serosal layer or adventitia 
comprises blood arteries, lymphatics, and nerves. 

Furthermore, the GI tract contains various cell types, each with a unique role. 
Epithelial cells are the major cell type in the gastrointestinal epithelium. These cells line 
the inner surface of the GI tract and are responsible for absorbing nutrients and water 
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from ingested foods and secreting immunoglobulins.(39, 40) Goblet cells can produce 
mucus to keep the gastrointestinal tract moist and prevent digestive enzymes from 
causing intestinal mucosa damage.(41) Enteroendocrine cells (EECs) are specialized 
endoderm-derived epithelial cells that secrete hormones for regulating digestion, 
nutrient absorption, and intestinal motility.(42) They respond to changes in the luminal 
content by secreting signaling molecules that diffuse into the circulation and function as 
classical hormones on distant targets and paracrine on nearby cells. Additionally, 
proper digestion and digestive tract health require a complex system of neurological 
activities coordinated by the central nervous system (CNS) and the enteric nervous 
system (ENS).(43, 44)  

Paneth cells are commonly found in the small intestine and can also be present 
in the colonic epithelium. They protect the gastrointestinal tract from pathogenic bacteria 
by directly detecting enteric pathogens via MyD88-dependent activation of toll-like 
receptor (TLR) 4 and by activating a wide variety of antimicrobial agents.(45) Microfold 
(M) cells are specialized intestinal cells that help transport bacteria or other intestinal 
antigens from the epithelial surface to dendritic cells to initiate immune responses.(46) 
Tuft cells play a role in immunity to parasites by secreting cytokines for parasite 
clearance.(47) Immune cells, which include lymphocytes, macrophages, and dendritic 
cells, help to protect the GI tract from pathogens and foreign invaders.(48) Stem cells 
continuously regenerate the GI epithelium that maintains the health and function of the 
epithelium.(49) 

The largest part of the GI system consists of the small intestine and colon, which 
are in the abdominal cavity.(50) The colon is the final part of the GI tract by which its 
structure originates at the ileocecal valve extending to the anus. The three primary 
functions of the colon are absorption of electrolyte-rich fluid (90% of sodium and water 
accessing the proximal colon(1), production and absorption of vitamins, and transport of 
wastes to the rectum which approximately 0.2–0.4 liter is excreted in the stool.(51) The 
structural wall of the colon consists of multiple layers from the lumen outward, including 
the mucosa, submucosa, muscular layer, and serosa.(52) The innermost surface of the 
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colon is composed of the epithelial layer playing a pivotal role in transport massive 
amounts of sodium and water across the mucosa to the blood side of the colon. 
 

2.2 Colonic epithelium 
2.2.1 Structure and function 

The colonic epithelium is the single-cell layer consisting of three primary 
structures: epithelial cells, tight junction, and basement membrane. The adjacent 
epithelial layer cells are sealed with tight junction forming the epithelial barrier and 
separating the plasma membrane into two compartments: apical membrane facing the 
intestinal lumen and basolateral membrane close to the blood circulation.(53) The distinct 
structural and functional differences between the apical and basolateral membranes 
organize an apical-to-basal polarity of epithelial cells, which regulates the vectorial 
transport of ions and nutrients across the colonic epithelium cell monolayers during their 
secretory and absorptive functions.(54) 

In addition, the colonic epithelium is composed of specialized cells with 
several functions that differentiate from stem cells at the invagination structure known as 
crypt base. Colonocytes with absorptive functions are the most epithelial cells 
distributed over specialized epithelial lineages, including EECs and secretory goblets.(55) 
The main functions of colonocytes (surface epithelium) are absorption of water and 
electrolytes; however, the secretion of electrolytes can occur at the surface epithelium. 
Likewise, goblet cells are primarily responsible for the secretion of electrolytes and 
mucus. Therefore, both surface epithelium and crypts are the locations of electrolytes 
secretion, which is primarily mediated by Cl- channel as identified by the patch-clamp 
technique.(1)  

The ion transport function of the colonic epithelium relies on various 
transport proteins, i.e., ion channels, transporters, and pumps, located either on the 
apical or basolateral membrane. These transport proteins play important roles in 
transporting large amounts of essential electrolytes such as sodium, potassium, and 
chloride, leading to net absorption of electrolytes under physiological conditions. 



  10 

Furthermore, net absorption occurs in the surface epithelium more than in crypt cells 
because the surface epithelium has a greater density of Na+ channels.  However, net 
secretion of electrolytes can occur when the colonic epithelium is stimulated by 
secretagogues such as vasoactive intestinal peptide, prostaglandins, and heat-labile 
toxin from Escherichia coli. Although the net results of ion transport are absorption of 
sodium chloride ( NaCl) , potassium chloride ( KCl) , and water for maintaining 
homeostasis, secretion of NaCl and KCl occurs at a much greater extent than 
absorption as evidenced in secretory diarrhea.(1) The fluid secretion by the colonic 
epithelium lubricates the surface of the epithelium, thus safeguarding the mucosa at the 
site of mechanical stress and facilitating stool movement. The fluid secretion process is 
mainly generated by chloride secretion across the epithelial cells, and this creates an 
osmotic gradient for pulling water, along with sodium passively following via the 
paracellular space into the lumen of the intestinal tract.(8, 56) 

 
2.2.2 Tight junction 

Tight junctions are intercellular adhesion complexes generated by the 
number and composition of several proteins joining at the apical part of the adjacent 
epithelial cells. The tight junction can be classified as two types of barriers. The 
paracellular barrier controls selective paracellular permeability, or the passive transport 
of ions, solutes, and water between epithelial cells. The intramembrane barrier prevents 
membrane components from being exchanged between the apical and basolateral cell 
surface domains. Both barriers are physically located on intramembrane strands and 
are most likely structurally connected.(57) Therefore, the tight junction is critical for 
preserving the function of the intestinal barrier by regulating the permeability of the 
paracellular transport pathway.(53) Ions can readily pass through the tight junction, but 
large molecules and proteins cannot. The ion permeability of the tight junction is 
evaluated using transepithelial electrical resistance measurements.(58) 

The functional proteins of a tight junction are transmembrane proteins 
that connect adjacent cell membranes and proteins in the peripheral membrane. Tight 
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junction integrity is continuously modulated by integral transmembrane proteins and 
their interactions with peripheral membrane proteins. Occludin, claudins, junctional 
adhesion molecule (JAM), and tricellulin are examples of transmembrane proteins that 
link together to control the permeation of ions and small solutes through the tight 
junction. All three members of the zonula occludens (ZO) family, i.e., ZO-1, ZO-2, and 
ZO-3, are peripheral membrane adaptor proteins that facilitate interaction with integral 
membrane proteins, the actin cytoskeleton, and other signaling proteins (figure 1).(53) 
However, the claudin composition of tight junctions regulates ion permeability, creating 
gated ion-selective paracellular pores across the paracellular transport barrier. The 
function of tight junction barrier is also regulated by the phosphorylation, distribution, 
and expression levels of tight junction proteins. Intracellular signaling pathways contain 
protein kinase A (PKA), protein kinase C (PKC), protein kinase G (PKG), phosphatase, 
myosin light chain (MLCK), mitogen-activated protein kinases (MAPK), phosphoinositide 
3-kinase (PI3K), and Rho signaling pathways are indicated to regulate tight junction 
permeability. responsible for their stringent regulation.(59, 60) 
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Figure 1 The structure of the intestinal epithelial tight junction (TJ) and associated 
proteins. (A) The association of claudin, occludin, ZO-1 and -2, and F-actin results in the 
formation of a TJ structure. (B) Once the TJ opens in response to stimulation from the 
luminal side, transport of extracellular components from the intestinal lumen to blood 
occurs via paracellular transport. Adapted from Lee.(53) 
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2.3 Colonic ion transport  
2.3.1 Sodium absorption 

The principal function of the human colonic epithelium is the absorption of 
electrolytes which the primary electrolyte of absorption is sodium (Na+). Na+ absorption 
by electroneutral process depends on Na+/H+ and Cl-/HCO3

- exchange located on the 
luminal membrane leading to NaCl absorption. In addition, Na+ absorption can happen 
by electrogenic absorption through luminal ENaC.(61) However, absorptive processes in 
the human colonic epithelium are complex and exhibit significant regional differences. In 
the proximal colon, electroneutral absorption is the primary process of NaCl absorption 
which Cl-/HCO3

- exchange functions together with Na+/H+ exchange (NHE). This process 
is dependent on intracellular carbonic anhydrases, which generate H+ and HCO3

- from 
CO2 and H2O. With the activity of basolateral Na+/K+-ATPase, Na+ enters across the 
apical membrane by Na+/H+ exchangers (e.g., NHE2  and NHE3) down electrochemical 
gradient while Cl- entry occurs via apical Cl-/HCO3

- exchangers (DRA).(62) Subsequently, 
Na+ leaves the cell through the Na+/K+-ATPase and Cl- via chloride channel-2 (CLC-2) at 
the basolateral membrane. K+ that enters the cell by Na+/K+-ATPase at the basolateral 
membrane leaves the cell via basolateral K+ channels (KCNN4  and KCNQ /1 KCNE3 ) 
and is used for continuous action of Na+/K+-ATPase, thus resulting in electroneutral NaCl 
absorption (figure 2).(1, 62) In the distal colon, Na+ absorption is primarily electrogenic 
process which occurs via amiloride-sensitive epithelial Na+ channels (ENaC).(2) The 
accumulated Na+ in the interstitial fluid of the blood side creates hyperosmotic driving 
force for passive Cl- movement through the paracellular pathway (figure 3).(1, 62) 
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Proximal colon 

   

Figure 2 The model of electroneutral Na+ absorption in the proximal colonic epithelium. 
Adapted from Kunzelmann and Mall; Rao.(1, 62) 
 

Distal colon 

 

Figure 3 The model of electrogenic Na+ absorption in the distal colonic epithelium. 
Adapted from Kunzelmann and Mall; Rao.(1, 62) 
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2.3.2 Chloride secretion  
The colonic epithelium also plays an essential function in electrolyte 

secretion, which is counterbalanced by absorption. Electrolyte secretion by the colonic 
epithelium will hydrate and lubricate the mucosa which help protect cells from physical 
injury from mechanical stress, prevent bacterial overgrowth and virulence, and promote 
stool passage.(63) The colonic secretion mainly involves Cl- and K+ secretion. Although Cl- 
secretion can occur throughout the colon, it is predominantly found in crypt cells and 
slightly found in the surface epithelia of the proximal and distal colon. Meanwhile, K+ is 
only secreted by the distal colon.(1, 62) The processes of Cl- secretion require basolateral 
Na+/K+-ATPase activity to provide the driving force for Cl- entry via basolateral Na+-2Cl--
K+ cotransporters (NKCC). The accumulative Cl- then exits the cells through CFTR 
channel, Ca2+-activated Cl- channel ( CaCC)  or others on the apical membranes. 
Electrogenic Cl- or K+ secretion changes can be assessed by measuring short circuit 
current (ISC) and potential difference (PD).(64) 

Furthermore, intracellular Na+ from basolateral Na+-2Cl--K+ cotransporter 
exits via basolateral Na+/K+-ATPase, while the K+ primarily exits via basolateral K+ 
channels. Besides, K+ may occasionally exit the cell via apical membrane channels. For 
this reason, Cl- secretion is driven by an interplay between the basolateral Na+/K+-
ATPase and the basolateral K+ channels (Figure 4),(62) which maintains the 
electronegative properties of the cell membrane. Thus, colonic electrolyte secretion is 
largely dependent on the active transepithelial Cl- secretion. The Cl- movement from the 
blood side into the lumen will generate the electrical and osmotic gradient driving the 
passive transport of Na+ and water via paracellular route into the lumen.(62) 
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Figure 4 The model of Cl- secretion through luminal CFTR, CaCC, or other Cl- channels 
in the colonic epithelium. Adapted from Rao.(62) 
 

2.3.3 Potassium secretion  
Potassium secretion also adds to net fluid secretion in the distal colon. In 

diarrheal diseases, an increase in this secretion leads to loss of K+ in feces, as 
demonstrated in cholera. The amount of fecal K+ in heathy subjects is 10 mEq/day as 
compared with 119 mEq/day in cholera-infected subjects. K+ concentration of 
approximately 90% is excreted by the kidneys and 10% in the stool in a healthy adult. 
Nonetheless, colonic K+ secretion may be crucial for K+ homeostasis, particularly in 
patients with end-stage kidney disease. Distal colonic K+ secretion is uncoupled with Cl 
secretion(63) and has a significant role when luminal values exceed 25 mEq/L. The 
processes of active secretion of K+ occur by Na+/K+ ATPase and, under stimulated 
secretory conditions, via Na+-2Cl--K+ cotransporters to allow K+ entry across the 
basolateral membrane.(65, 66) Then, K+ exits across the apical membrane via KCNMA1 
channels, the primary apical channel for K+ secretion. In other part of the intestine, 
basolateral K+ channels such as KCNQ1/KCNE3, and KCNN4 are also required for the 
exit of K+ across the basolateral membrane (figure 5) as well as stabilizing the 
membrane potential (figure 5).(62) 
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Figure 5 The model of K+ secretion in the distal colonic epithelium. Adapted from Rao.(62) 
 

2.4 Colonic transport proteins and regulation 
2.4.1 Channels 

A. The amiloride-sensitive epithelial sodium channel (ENaC)  
ENaC facilitates the cell entry of Na+ from the luminal fluid in a variety of 

reabsorbing epithelia.(67) High expression of ENaC on the apical membranes of colonic 
epithelial cells(68) confirms a role in regulating fecal Na+ excretion contributing to Na+ 
homeostasis. ENaC has been extensively characterized in renal and airway epithelial 
models. ENaC is a multimeric protein composed of , , and  subunits with NH2 and 
COOH termini (Figure 6).(69) It is relatively permeable to Na+, H+, and Li+.(70) Several 
glycosylated proteins in the extracellular loops of the receptors are hypothesized to 
facilitate ENaC function.  

ENaC is crucial for the maintenance of Na+ and extracellular volume 
homeostasis. The rate-limiting step in electrogenic Na+ absorption is ENaC uptake into 
colonocytes.(71) ENaC is controlled by various hormones including aldosterone and is 
inhibited by amiloride and its analogs. Amiloride, a diuretic, has a high sensitivity to 
these channels. Aldosterone normally stimulates the channel by increasing the number 
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of apical membrane channels synthesized via exocytosis of intracellular vesicles.(2, 72) 
Corticosteroids also stimulate ENaC in the colon by increasing transcription of the  and 
 subunits. Mutations that result in an increased function cause an increase in 
extracellular volume, whereas mutations that result in a decreased function may result in 
salt-wasting conditions characterized by alterations in K+ balance.  

 

Figure 6 The structure of ENaC comprises , , and  subunits containing cytoplasmic 
NH2 and COOH termini. Adapted from Warnock.(69) 

 
B. Apical chloride channels 

• The cystic fibrosis transmembrane conductance regulator (CFTR)  
CFTR, a Cl- channel activated by cAMP, was first cloned by Riordan and 

a coworker in 1989.(73) In cystic fibrosis, over 900 different mutations in the CFTR gene 
result in decreased Cl- and Na+ transport and impaired secretion or absorption of 
electrolytes.(74) CFTR is predominantly localized at the apical membrane of epithelial 
cells, and it is recycled constitutively between subapical vesicles and the plasma 
membrane.(75) CFTR is expressed in the stomach, pancreas, hepatobiliary ducts, and 
intestine. 

The channel is implanted as dimers in the apical membrane, where their 
12 transmembrane domains form the pore for Cl- secretion.(76) CFTR is unique among 
ATP-binding cassette protein that is known to function as an ion channel. CFTR 
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comprises highly glycosylated membrane proteins with two remarkable homologous 
motifs (figure 7).(77) Each motif consists of a hexa-helical membrane-spanning domain 
(MSD1: TM1-6 and MSD2: TM7-12) and a nucleotide-binding domain (NBD1 and NBD2, 
separately). The regulatory (R) domain which divides the two motifs contains protein 
consensus sequences mostly by PKA phosphorylation as well as PKGII phosphorylation. 
Both N- and C-termini are in the cytoplasm and can interact with cooperated signaling 
and anchoring proteins.(78) 

Cl- and other anions, especially HCO3
-, are mainly transported by CFTR. 

Cl- secretion through CFTR can be regulated by PKA phosphorylation of the regulatory R 
domain and ATP binding to and dimerization of the NBDs. Even though two NBDs 
contain many ATPase sites, only one in the NBD2 can catalyze ATP hydrolysis. This 
hydrolysis of ATP does not contribute to the energy supply of the transport process, but 
it is required for CFTR gating. The presence of ATP activates the phosphorylated form of 
CFTR, comparable to a ligand-gated channel.(62) PKA stimulates CFTR in most tissues 
and intestines, while PKGII, PKC, and Ca2+/Ca2+-calmodulin activate CFTR in the 
intestine. Ca2+ appears to activate CFTR indirectly through activating K+ channels. Both 
PKA and cGMP increase CFTR activity in intestinal cell lines and native tissues by 
modifying the open probability of the channel and increasing the existence of channels 
at the apical membrane.(35, 75, 79, 80) Additionally, cAMP- and Ca2+-activated Cl- secretion 
are most likely due to the influence of endogenous secretagogues such as 
prostaglandins, vasoactive intestinal polypeptide (VIP), acetylcholine (ACh), histamine, 
secretin, leukotrienes, serotonin, adenosine, and nitric oxide (NO).(68, 81) Conversely, the 
opening of the CFTR channel is inhibited by various CFTR inhibitors. For example, the 
sulphonylurea drugs, glibenclamide and diphenylamine-2-carboxylate, and 5-nitro-2-(3-
phenylpropyl-amino)benzoate ( NPPB)  are widely used as CFTR inhibitors. These 
substances inhibit CFTR and other Cl- channels and transporters with IC50 values 
commonly greater than 100 µM.(82) Other than that, selective inhibitor CFTRinh-172 has 
been applied for detecting CFTR currents in various cell types.(83) Therefore, these CFTR 
inhibitors were used to identify the effect of kaempferol through the CFTR channel. 
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Figure 7 Structure of CFTR. Adapted from Sheppard and Welsh.(77) 
 

• Calcium-activated chloride channel (CaCC) 
CaCC is an anion-selective channel that is activated by increased 

cytosolic Ca2+. CaCC was most likely initially detected in Xenopus oocytes about two 
decades ago(84) and has been found in epithelial cells, vascular endothelial cells, 
neurons, smooth and cardiac muscle cells.(85) CaCC activity is required to Cl- secretion 
and other anions, such as HCO3

-, in epithelial cells.(86) The newly identified CaCC, 
anoctamin 1 (TMEM16A; Ano1), has been discovered in the basolateral membrane 
rather than the apical membrane of adult intestinal epithelial cells.(87-92) 

The TMEM16A protein is one of ten anoctamin family members, 
including proteins with eight transmembrane segments and projecting N- and C-termini 
into the intracellular medium.(93) Recent cryo-electron microscopy structures of 
TMEM16A in the unbound and Ca2+-bound states demonstrate that Ca2+ interacts 
directly with the pore.(94, 95) These are functionally outward rectifying channels that are 
inhibited by niflumic acid (NFA), 4,4-diisothiocyano-2,2-stilbenedisulfonic acid (DIDS), 
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Ca2+-activated Cl- channel inhibitor (CaCCinh-A01),(96) and activated by Ca2+/Ca2+-
calmodulin kinase II (CaMKII) (Figure 8).(97) 

CaCC is induced in the apical membrane of airway epithelia by 
application of calcium ionophores, ATP and UTP.(98-101) NFA does not prevent carbachol-
stimulated Cl- secretion, and apical ATP and UTP only evoke transient K+ secretion in the 
colon.(102) There has been evidence of coordinated regulation of CaCC and CFTR. For 
example, TMEM16A knockout animals lack Ca2+-activated Cl- secretion. In CFTR 
knockout mice, carbachol fails to stimulate Cl- secretion but does affect changes in cell 
volume. It has been suggested that the TMEM16A located in the basolateral membrane 
regulates cell volume while they are engaged in secretion when present in the apical 
membrane.(103, 104) 

 

Figure 8 Cellular roles of CaCC. Adapted from De La Fuente and co-worker.(97) 
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C. Apical potassium channel 

• Calcium-activated potassium channel subunit alpha-1 ( KCNMA1 
channel) 

The KCNMA1 channel (also known as BK or MaxiK) is the primary K+ 
channel responsible for K+ secretion in rat and mouse colons. It is the only K+ channel 
found in the apical membrane of human colonic epithelial cells.(105) However, this does 
not contribute to the driving force for Cl- secretion.(106) The KCNMA1 channel has a 
tetrameric structure with two subunits:  subunit, which forms the pore and contains 
voltage and Ca2+-sensing domains, and  subunit (1-4), which modulates the voltage 
and Ca2+-sensing domains of the  subunit.  

The KCNMA1 channel is under the control of secondary 
hyperaldosteronism, dietary K+ influx, cAMP, and Ca2+. Colonic K+ channels are peculiar 
in that they are only sensitive to mineralocorticoids and not to glucocorticoids. The 
action of aldosterone in raising both K+ secretion and K+ absorption can counterbalance 
each other. The regulation of numerous K+ channels may involve temporal separation of 
signaling,(107) structural compartmentalization via scaffolding proteins, or functional 
compartmentalization, as demonstrated by the role of PDEs in inhibiting the release of 
paracrine modulators such as ATP or preventing cAMP distribution.(108-110) Furthermore, 
carbachol has been shown to promote K+ secretion.(111) Ussing chamber experiments 
with the human rectal mucosa found a cholinergic regulation of apical K+ conductance. 
On the other hand, tetraethylammonium, iberiotoxin, paxilline, and quinidine were shown 
to inhibit the KCNMA1 channels.(1)   

 
D. Basolateral potassium channels 

K+ channels located at the basolateral membrane functions to 
hyperpolarize membrane potential and provide the electrical driving force for Cl - 
secretion and Na+ absorption. Two main types of K+ channels that determine basolateral 
K+ conductance in the mammalian colon are controlled by intracellular Ca2+ and 
cAMP.(81, 112-114) 
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• Basolateral cAMP-activated K+ channels 
The KCNQ1/KCNEx channel (also known as KVLQT1) is a basolateral K+ 

channel that is triggered by elevated intracellular cAMP.(81, 115, 116) As previously proven 
for the rat and rabbit colon, the chromanol compound 293B explicitly inhibits this type of 
K+ channel.(115, 116) The KCNQ1 channel is composed of 12  subunits. The conducting 
KCNQ1 subunit must interact with the regulatory KCNE (1-5) subunits at 
physiological pH to form the K+ channel pore. On the basolateral and apical membranes 
of the intestine, high levels of expression of KCNQ1/KCNE1 and KCNQ1/KCNE3 have 
been observed, respectively.(62) Although the function of cAMP-sensitive K+ channels is 
known in the rat and mouse colons and possibly in T84 cells, the role of cAMP in human 
colonic crypts is less clear.  

• Basolateral Ca2+-activated K+ channels 
The KCNN4 channel, also called KCa3.1, is the essential basolateral K+ 

channel to keep the hyperpolarized driving force required for Cl- secretion. KCNN4 
channels are found in the basolateral and apical membranes of T84 cells, rats, mice, 
and the human colon.(117) The channels are show differential splice variant expression. 
For example, KCNN4a and b have six transmembrane domains expressed in smooth 
muscle and the basolateral membrane of the small intestine, respectively. In contrast, 
KCNN4c only has five transmembrane domains and functions as an apical channel. The 
channel is regulated by Ca2+, calmodulin and cAMP.(106) 1-ethyl-2-benzimidazolone (1-
EBIO) activates this K+ channel.(118, 119) In patch-clamp experiments, the channel can be 
inhibited by imidazole compounds such as NS004 and the anti-fungal drug 
clotrimazole.(120) Similarly, clotrimazole significantly decreased Cl- secretion activated by 
high levels of intracellular Ca2+, cAMP, or cGMP in T84 cells and the colonic mucosa of 
mice and rabbits.(121) 

 



  24 

2.4.2 Exchangers 
A. Sodium-proton exchanger (NHE) 

The Na+/H+ exchanger is secondary active transporter that employs the 
Na+ gradient to exchange extracellular Na+ for intracellular H+. Three distinct NHE 
subtypes have been identified in the colonic epithelium thus far. NHE1 is expressed in 
the basolateral membrane and does not affect the depletion of Na+. Both NHE2 and 
NHE3 are expressed on the apical membrane of colonic epithelial cells, with NHE3 
contributing significantly more to Na+ absorption under control conditions.(122) 

Nine members of the NHE family have 12 transmembrane helices and 
intracellular N-terminal and C-terminal domains. The C termini include many protein 
kinase consensus sequences and serve as the loci for complicated regulation.(123) NHE2 
and NHE3 are differentially expressed by having higher expression in the proximal colon 
and lower expression in the distal colon(122, 124); moreover, a new third kind of Cl--
dependent NHE has been discovered in the apical membranes of rat crypt cells.(125) This 
exchanger can be stimulated when plasma aldosterone levels rise in response to a 
sodium deficiency.(126) 

B. Chloride-bicarbonate exchanger (DRA) 
The Cl-/HCO3

- exchanger, also known as downregulated in adenoma 
( DRA) , is derived from the SLC26A3 gene which was initially identified as the DRA 
gene.(127) This protein is predicted to contain ten to twelve transmembrane spanning 
membrane lipids with cytoplasmic N and C termini, all of which are essential for its 
activity and regulation. DRA is mainly found in the apical membrane of surface 
colonocytes, the duodenal lower villus region, and the ileum.(128-130) The Cl-/HCO3

- 
exchanger works to move HCO3

- into the cell in exchange with Cl-. Meanwhile, the 
Na+/H+ exchanger NHE3 functions simultaneously with the apical Cl-/HCO3

- exchanger 
and is thus required for Na+ and Cl- electroneutral absorption.(131) 

Most of the research on Cl-/HCO3
- exchange regulation has been on 

activity measurements, which have been validated in some cases by measurements of 
transporter protein modulation. In conclusion, Cl-/HCO3

- exchange function is induced 
by glucocorticoids, neuropeptide Y, lysophosphatidic acid, and sphingosine-1 
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phosphate, and reduced by pro-inflammatory cytokines and these substances that 
stimulate the production of intracellular Ca2+, cAMP, and cGMP.(132-135) 

 
2.4.3 Cotransporter 

A. Sodium-potassium-chloride cotransporter (NKCC) 
The Na+-2Cl--K+ cotransporter is a secondary active transporter that 

transports 1Na+: 1K+: 2Cl- into and out of cells in a coupled manner. The NKCC family 
comprises two isoforms, namely NKCC1 and NKCC2.(136) NKCC1 is found throughout 
the body and essential for cell volume control, ion homeostasis, and Cl - secretion. In the 
secretory epithelia of the colon, NKCC1 is located on the basolateral membrane and 
inhibited by furosemide and bumetanide. However, azosemide inhibits its activity more 
effectively.(137) NKCC2 is predominantly expressed in the apical membrane of the thick 
ascending limb of the loop of Henle and the macula densa.(136) 

NKCCs have N-linked glycosylation sites between transmembrane 
segments with N- and C-terminus. The N-terminus comprises the phosphothreonine 
sites necessary for NKCC1 activity.(136) NKCC1 is regulated in several ways, including 
cAMP-induced increases in cell surface expression, PKA-mediated direct 
phosphorylation, or regulation by additional protein kinases and phosphatases.(138, 139) 

Simultaneous stimulation of NKCC1 and ion channels is required for the control of Cl - 
secretion through apical CFTR channels. cAMP and Ca2+ may stimulate NKCC indirectly 
by activating Cl- and K+ channels, respectively. Moreover, reduced intracellular Cl- and 
cellular volume enhance the phosphorylation and activity of NKCC. 

 

2.5 Signaling pathway regulation of colonic ion transport  
2.5.1 Cyclic adenosine monophosphate signaling pathway 

The primary regulation of colonic ion transport is neurohumoral stimulation 
of cyclic adenosine monophosphate (cAMP). cAMP is known to influence the activity of 
protein kinase, which is one of the mechanisms involved in controlling cell function.(140) 
The increased intracellular cAMP [cAMP] i can activate transepithelial Cl- secretion. 
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Multiple external stimuli that bind to membrane receptors activate this second 
messenger cascades. The binding of cAMP stimulators (e.g., vasoactive intestinal 
peptide, prostaglandin) to specific membrane G-protein coupled receptors (GPCRs) 
triggers Gs to stimulate transmembrane adenylate cyclase (tmAC). The tmAC localized 
to the basolateral membrane of epithelial cells converts adenosine triphosphate (ATP) to 
cAMP. (9) Besides, cAMP being generated by soluble AC (sAC) is found in the cytosol 
and mitochondria activated by Ca2+ and HCO3

-.(141) Both the tmAC and sAC are present 
in the colonic epithelia.(142) 

Several previous reports show that CFTR mediated  Cl- secretion are 
activated by protein kinases A (PKA)-dependent phosphorylation and binding of ATP.(10, 

11) This phosphorylation of transport proteins increases CFTR channels or decreases the 
function of DRA/PAT-1 or NHE3 antiporters when cAMP levels rise. The PKA-dependent 
phosphorylation of CFTR channels occurs mainly in the R domain.(143, 144) The access of 
PKA to the numerous consensus sites, including serine and threonine phosphorylation 
sites in the R domain, determines the open probability of the CFTR channels.(143) For this 
reason, the cAMP signaling pathway stimulation leads to increase Cl - secretion. 
However, cAMP can be made to have different effects in different parts of the cell by 
attaching to special proteins called scaffolding proteins such as A-Kinase Anchoring 
Protein (AKAP).(62) Additionally, cAMP works via the guanine nucleotide exchange factor, 
Epac, which stimulates phospholipase C (PLC) via RAP2. The cAMP-Epac pathway is 
hypothesized to be signalling crosstalk between cAMP and Ca2+ in the intestine that has 
not been discovered ( figure 9) .(62) Furthermore, the regulation of colonic ion transport 
involved by stimulation of cAMP can be studied using cAMP activators. For example, 
forskolin is an activator of adenylate cyclase that increases the synthesis of intracellular 
cAMP used for investigating the role of cAMP in the opening of CFTR or other cellular 
processes of the gastrointestinal tract.(145) 8cpt-cAMP is a selective activator of cAMP-
dependent PKA.(146) 
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Figure 9 cAMP signaling pathways in the colonic epithelium stimulated by VIP or PG. 
Adapted from Rao.(62) 
 

2.5.2 Calcium signaling pathway 
Intracellular Ca2+ [Ca2+]i has a multiplicity effect on the colonic epithelium. 

The effects of activation of muscarinic M3 receptors on [Ca2+]i  levels and Ca2+ 
conductance have been investigated in considerable detail. The receptors responsible 
for acetylcholine receptor-mediated Cl- secretion in rat colonic epithelium belong to the 
M3 class.(15, 16) Acetylcholine or carbachol, classified as a cholinergic agonist, can bind 
to GPCRs via muscarinic M3 to stimulate Gq, whereas substance P stimulates Ca2+ 
channels (figure 10). The activated Gq induces phospholipase C- (PLC) to hydrolyze 
phosphatidylinositol 4,5-bisphosphate (PIP2) and release diacylglycerol (DAG) and 
inositol 1,4,5-trisphosphate (IP3). IP3 binds to specific IP3 receptors (IP3R) and causes 
Ca2+ release from the endoplasmic reticulum (ER). The IP3R binding proteins, the Ca2+-
release channel binding protein (IRBIT), compete with the IP3 receptor in their 
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phosphorylated state (IRBIT-P). IRBIT-Ps are established class of signaling molecules in 
regulating various ion transporters including CFTR, NHE3, and PAT-1.(17, 18) 

The intracellular Ca2+ can either directly activate Ca2+ channels or indirectly 
via Ca2+-calmodulin activate specific protein kinases (PKs) and phosphatases (PPs), 
and cytoskeletal proteins. DAG acts as Ca2+ to stimulate some isoforms of protein kinase 
C (PKC) (figure 10).(62) Numerous reports indicate the PKC activation of CFTR for apical 
Cl- secretion in the colonic epithelium. Furthermore, the increased [Ca2+]i  can stimulate 
basolateral Ca2+-activated K+ channels leading to Cl- secretion.(12, 147) In addition, [Ca2+]i 
induced activation of Cl- secretion can be studied using Ca2+ ionophore A23187 to 
increase [Ca2+]I level.(148) 

Ca2+-activated Cl- channels (CaCC), recently identified as anoctamin 1 
(TMEM16A; Ano1), are discovered in the basolateral membranes greater than apical 
membranes of adult colonic epithelial cells.(90, 104, 149) Additionally, it may be found in ER 
near the basolateral membrane. Ano1 modulates intracellular Ca2+ signaling in response 
to the activation of Gq-coupled receptors via the muscarinic M3 receptor. Moreover, 
Ano1 helps maintain the driving force produced by activating basolateral Ca2+-activated 
K+ channels to promote Ca2+-activated Cl- secretion. There are two possible 
mechanisms of the function of the Ano1 protein. First, Ano1 may be found in the ER, 
which may increase the amount of Ca2+ released into the cell through IP3 receptors.(150, 

151) Second, Ano1 may connect the ER to the cell membrane, which could help activate 
another basolateral K+ channel called KCNN4 K+ channels.(152) Nevertheless, free [Ca2+]i 
is quickly removed from the cell by Ca2+-dependent ATPases or Na+/Ca2+ exchangers in 
the basolateral membrane or ER, and [Ca2+]i reserves are restored via transient receptor 
potential (TRP) channels.  
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Figure 10 Ca2+-dependent signaling pathways in the colonic epithelium by 
acetylcholine, carbachol or substance P. Adapted from Rao.(62) 
 

2.5.3 Cyclic guanosine monophosphate signaling pathway 
Cyclic guanosine monophosphate (cGMP) can stimulate CFTR mediated Cl- 

secretion through cGMP-regulated protein kinase G type II. Certain agents (e.g., GTP, 
guanosine triphosphate; STa, heat-stable enterotoxin) bind to membrane guanylate 
cyclase (mGC, also known as GUCY2C), which acts as both receptor and enzymatic 
activity, located only on the apical membrane of colonic epithelial cells.(153) When 
GUCY2C is activated, it produces cGMP from GTP. Meanwhile, activators like nitric 
oxide (NO) can be used to synthesize cGMP from soluble GC (sGC). cGMP activates an 
enzyme known as PKG2. This enzyme is attached to the cell membrane through the 
myristoylation process and can also be controlled by anchoring proteins, especially 
NHERF4. PKG2 phosphorylates target transport proteins similar to the way PKA works 
and then activates CFTR channels for Cl- secretion. Additionally, nucleotide transporters 
can transport cGMP across the basolateral membrane, where it works on nociceptive 
nerve terminals to alleviate pain.(62) Furthermore, cGMP can inhibit specific 
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phosphodiesterase (PDE), leading to an increase in intracellular cAMP (figure 11).(62) 
cGMP-specific phosphodiesterase 5 (PDE5) is expressed in human colonic epithelial 
cells and appears to regulate intracellular cGMP concentrations.(154) 

  

Figure 11 cGMP signaling pathways in the colonic epithelium. Adapted from Rao.(62) 

 

2.5.4 Tyrosine kinase and tyrosine phosphatase signaling pathways 
Apart from the above, signaling pathways involving phosphorylation and 

dephosphorylation of tyrosine have been shown to regulate ion transport. The 
phosphorylated state of CFTR is controlled by both protein kinases and phosphatases. 
Many research investigations have shown that tyrosine kinases can influence the gating 
of CFTR either directly or indirectly. Direct tyrosine kinase regulation has been 
demonstrated through the exposure of membrane regions to a non-receptor tyrosine 
kinase(155) and the sensitivity of muscarinic activation of CFTR to tyrosine kinase 
inhibitors.(13) Indirect regulation has also been reported via a pathway that involves 
tyrosine phosphorylation, revealing a serine/threonine protein kinase phospho-acceptor 
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site in NBD1.(156, 157) In addition, tyrosine phosphorylation is a direct stimulus for CFTR 
activation that induce chloride currents in baby hamster kidney (BHK) cells, which are 
80% as large as those activated by PKA. Thus, PKA-independent activation by tyrosine 
phosphorylation has implications for the functions of CFTR.(14) Meanwhile, tyrosine 
phosphatases are a broad enzyme family that catalyzes the removal of phosphate 
groups from tyrosine residues. Inhibition of tyrosine phosphatase by vanadate enhances 
the activity of the CFTR and stabilizes an open state of the CFTR chloride channel.(158, 159) 
However, the opening of the CFTR channel involved by tyrosine kinase and tyrosine 
phosphatase can be studied using inhibitors of tyrosine kinase and phosphatase. For 
example, tyrphostin A23 is a broad-spectrum protein tyrosine kinase inhibitor and 
functions by binding to the active sites of the enzymes.(160) AG490 is a selective inhibitor 
of tyrosine kinase that has been extensively used for inhibiting the JAK/STAT3 
pathway in vitro and in vivo.(161) A report has shown that pretreatment with tyrphostin 
A23 or AG490 can reduce flavonoid genistein-stimulated ISC.(162) Vanadate is an inhibitor 
of the protein tyrosine phosphatase used to maintain the tyrosyl phosphorylation state of 
proteins during experiments in the laboratory.(163) 
 

2.6 Kaempferol 
2.6.1 Structure & source 

Kaempferol is a tetrahydroxyflavone composed of two phenyl rings (rings A 
and B) linked to a heterocyclic ring (ring C) and has the additional hydroxyl groups at 
positions 3, 5, 7, and 4' (figure 12). Kaempferol is a yellow crystalline solid with a 
molecular mass of 286.23 g/mol and a melting point of 276-278 °C; the structural 
formula is 15 carbon, 10 hydrogen, and 6 oxygen (C15H10O6). It is slightly dissolved in 
water but very soluble in hot ethanol, ethers, and dimethyl sulfoxide (DMSO).(164) 

Kaempferol is a natural flavonol, a subclass of flavonoid, mostly found in 
edible plants, such as onion, grapefruit, strawberry, and lettuce, as well as medicinal 
plants such as Acacia nilotica (L), Aloe vera (L), Crocus sativus (L.) and Ginkgo 
biloba (L.). (165) 
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Figure 12 Structure of kaempferol 

 
2.6.2 Bioavailability  

The pharmacokinetic and pharmacodynamic properties of flavonol are 
studied both in vivo and in vitro experiments. Since kaempferol is a dietary flavonol that 
has therapeutic effects on various disorders, it must be effectively absorbed, distributed, 
metabolized, and eliminated in the human body. Kaempferol is often taken orally in the 
form of high and low-polarity glycosides. Glycosides with a high polarity show difficulty 
in absorption, whereas glycosides with a low polarity are readily absorbed. Kaempferol 
is a lipophilic compound that, like other flavonols, is absorbed through the small 
intestine via passive diffusion, facilitated diffusion, and active transport.(166) Additionally, 
intestinal enzymes metabolize flavonol kaempferol in the small intestine to flavonol-
glucuronide. The normal floras of the colon metabolize the kaempferol glycoside to 
aglycones and subsequently to 4 -methyl phenol, 4 -hydroxyphenyl acetic acid, and 
phloroglucinol. Once being reabsorbed, kaempferol is metabolized in the liver by 
glucuronide conjugation and sulfate conjugation,(167-169) followed by absorption into the 
systemic circulation, distributed to different tissues, and finally eliminated via feces or 
urine (figure 13).(170-172) In a period of 24 hours, the body excretes an average of 1.9 
percent of the kaempferol dosage.(173) Cao and colleagues have examined the 
bioavailability and pharmacokinetics of kaempferol in humans and revealed that a 14.97 
mg/day dose of kaempferol resulted in a plasma concentration of 57.86 nM.  
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Additionally, 15 ug/L of kaempferol was detected in the blood after a daily 
intake of 27 mg of kaempferol from black tea containing 16 g of leaves brewed in one 
liter of boiling water.(174) Even though the amount of kaempferol that can be absorbed 
through the GI tract is remarkably small, it can still be effective for treating various 
diseases. For this reason, kaempferol might have therapeutic benefits even at low 
concentrations.  

 

 
 

Figure 13 The bioavailability of dietary flavonol after the ingestion of aglycone and 
glycoside forms. Adapted from Dabeek and Marra.(172) 
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2.6.3 Biological action 
Anti-cancer effects  
Kaempferol has anti-cancer effects via several different mechanisms. 

Kaempferol is a potent promoter of apoptosis(175) and has been reported to stimulate 
host immunity, restrict tumor blood vessel formation, and enhance the sensitivity of other 
anti-cancer medications. Another anti-cancer mechanism of kaempferol involves 
increasing cellular DNA breakage. 

Anti-inflammatory effects  
Kaempferol decreases the levels of tumor necrosis factor (TNF-) and 

interleukin-1 (IL-1) induced by lipopolysaccharide (LPS) by increasing the number of 
activated macrophages and facilitating the nuclear translocation of NF-B p65. (176) As 
inflammation can be defined as acute or chronic, the many categories of inflammatory 
disorders are studied separately to understand better the role of kaempferol in 
inflammatory disorders (figure 14).(177)  

 

Figure 14 Therapeutic effects of kaempferol on a variety of disorders. Adapted from Ren 
and co-worker.(177) 
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Transport-related effects 
Previous study has established that the most prevalent flavonol, quercetin, 

promotes Cl- secretion in rat small and large intestines as shown by an increase in short-
circuit current (ISC) in Ussing experiment(27) and activates the basolateral K+ channel in 
rat distal colonic mucosa.(28) Additionally, quercetin induces the release of Cl- via the 
CaCC in human colon cancer cells and increases ISC in mouse intestinal tissue by 
increasing calcium concentration via the L-type calcium channel and activating 
basolateral NKCC, Na+/K+-ATPase, and K+ channels.(29) 

According to one investigation, kaempferol can induce electrogenic Cl - 
secretion on the colonic epithelium (T84); however, the effect of kaempferol is less 
potent than quercetin under basal conditions.(32) On the other hand, kaempferol had the 
greatest influence on Cl- secretion in human airway epithelium, followed by apigenin, 
quercetin, and genistein. From this study, kaempferol has the highest potency of all 
flavonoids studied, as seen by its considerable effect on current. Interestingly, the 
mechanism of action of flavonoids relies on the degree to which forskolin stimulates the 
cAMP-PKA pathway.(33) However, the effects of kaempferol on the permeabilized 
monolayer condition and cellular mechanisms of action on regulating ion transport in 
human colonic epithelial cells are unknown.  

 
2.6.4 Kaempferol safety 

Different studies have shown contradictory findings regarding the safety 
and toxicity of kaempferol. Some studies claim that kaempferol is antimutagenic, 
whereas others believe it is genotoxic.(178) Although kaempferol exhibits antioxidant 
properties, it is also capable of acting to be a pro-oxidant. This pro-oxidant action may 
have an effect on genotoxicity.(179) By contributing a hydrogen atom, flavonoids 
neutralize free radicals and generate a phenoxyl radical. An interaction between the 
phenoxyl radical and the second radical leads to the formation of an antioxidant 
substance. However, a pro-oxidant is formed when the phenoxyl radical combines with 
oxygen species.(180) 
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Additionally, the pro-oxidant decreases copper and iron which are required 
for lipid peroxidation and hydroxyl radical production. The ability of kaempferol to act as 
a pro-oxidant has been shown to contribute to alterations in the levels and activities of 
enzymes with both antioxidant and pro-oxidant properties.(180) The DNA mutations 
caused by kaempferol can be the result of the genotoxic metabolite of kaempferol 
metabolism. The enzyme CYP 1A1 has been shown to be essential for this 
transformation. Kaempferol is carcinogenic and poisonous in vitro but not in vivo. 
According to the research published by Takanashi and colleagues, long-term oral 
ingestion of kaempferol did not increase tumor incidence. However, there are reports 
indicating that individuals with low levels of folic acid or iron should avoid kaempferol  
intake because it could affect their absorption and bioavailability. Additionally, cancer 
patients undergoing etoposide therapy are advised to avoid kaempferol as it can 
decrease the efficacy of the drug.(181-183)  
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Conceptual framework 
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CHAPTER 3  
RESEARCH METHODOLOGY 

3.1 Cell line 

Human colonic adenocarcinoma cell line (T84) passage 56 purchased from 
American Type Culture Collection (Manassas, VA, USA) was used in this study. T84 
cells are derived from a lung metastasis of colon carcinoma in a 72-year-old male. The 
T84 cell line has been extensively used as a model for studying transepithelial chloride 
transport, CFTR channel characteristics, and functional epithelial barriers.(34, 184) After 
being cultured, T84 cells developed the characteristics of colonic crypt epithelial cells, 
including the ability for vectorial electrolyte transport.(185) At confluence, these cells can 
form a monolayer which shows characteristics of mature absorptive epithelial cells in 
both structure and function. The transepithelial electrical resistance (TEER) is frequently 
used to evaluate the monolayer integrity after two to three weeks of maturation.(186-189)  

The differentiated phenotype of T84 cells was characterized by the development 
of a polarized columnar structure, the formation of tight junctions, and the formation of 
microvilli protruded apical brush border.(188) Several previous studies have demonstrated 
that the cells are controlled by various hormones and neurotransmitters. In T84 cells, 
cAMP, cGMP, and calcium-related stimuli are three main categories that operate via 
distinct second messenger pathways. cAMP is a crucial second messenger that 
stimulates chloride secretion. Different stimuli, including vasoactive intestinal peptide 
(VIP), cholera toxin, and experimental compounds such as forskolin, activate adenylate 
cyclase resulting in an increase in intracellular cAMP and chloride secretion in T84 cells 
(190, 191). Likewise, the heat-stable enterotoxin of E. coli and STa activate chloride 
secretion through an accumulation of cGMP by guanylyl cyclase (192). Moreover, 
substances including carbachol and calcium ionophores can stimulate chloride 
secretion by increasing the level of free cytosolic calcium ([Ca2+]i (191, 193). 

T84 cells can express colonocyte-specific enzymes, including colonocyte 
markers membrane spanning 4-domains A12 (MS4A12) and monocarboxylate 
transporter 1 (MCT1 or SLC16A1) (34). T84 cells also express Na+/K+ ATPase, H+/K+ 
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ATPase, Na+/H+ exchange, Na+/K+/Cl- cotransport, and apical Cl- channels necessary for 
ion transport process.(184) For this reason, the T84 monolayer is a well-established in 
vitro model system of the human colonic epithelium which is suitable for studying 
electrolyte transport pathways, particularly the chloride secretory mechanism. 
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3.2 Materials and reagents 

Table  1 Materials and reagents 

No. Materials and reagents Manufacturers 
1. 30% Acrylamide/Bis-acrylamide Bio-Rad, USA  
2. AG490 Sigma-Aldrich, USA  
3. Amiloride  Sigma-Aldrich, USA  
4. Amphotericin B  Sigma-Aldrich, USA  
5. Bicinchoninic acid assay (BCA assay) Visual Protein, Taiwan  
6. Bumetanide Sigma-Aldrich, USA  
7. Calcium-activated chloride channel inhibitor 

(CaCCinh) 

Sigma-Aldrich, USA 

8. Ca2+ ionophore A23187 Sigma-Aldrich, USA  
9. CFTRinh-172 (inh-172) Sigma-Aldrich, USA 

10. 8-(4-Chlorophenylthio)-adenosine-3',5' -cyclic 
monophosphate (8-CPT-cAMP) 

Sigma-Aldrich, USA 

11. Corning® 100 mm culture dish Corning, USA  
12. Corning® 60 mm culture dish Corning, USA  
13. Corning® 96-well plate Corning, USA  

14. Corning® 48-well plate Corning, USA  

15. 4,4'-Diisothiocyanatostilbene-2,2'-disulfonate (DIDS) Sigma-Aldrich, USA 

16. Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA  
17. Dulbecco's Modified Eagle's Medium (DMEM)  Gibco, USA 

18. Enhanced chemiluminescence (ECL) Santa Cruz 
Biotechnology, USA  

19. ECL film  GE Healthcare, USA 

20. Forskolin  Sigma-Aldrich, USA 

21. Fetal bovine serum  Gibco, USA 
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Table 1 (continued) 

No. Materials and reagents Manufacturers 
22. Glibenclamide  Sigma-Aldrich, USA 

23. H-89 Sigma-Aldrich, USA 
24. Horseradish peroxidase-conjugated goat anti-mouse IgG 

secondary antibody  
Santa Cruz 

Biotechnology, USA  
25. Kaempferol  Sigma-Aldrich, USA  
26. Methanesulfonic acid  Sigma-Aldrich, USA  
27. Mouse monoclonal anti--actin primary antibody  Santa Cruz 

Biotechnology, USA  
28. Mouse monoclonal anti-CFTR primary antibody  Santa Cruz 

Biotechnology, USA  
29. 5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) Sigma-Aldrich, USA  
30. Non-essential amino acid  Gibco, USA  
31. Penicillin-Streptomycin  Merck, Germany  
32. Phosphate Buffered Saline (PBS) Gibco, USA  
33. Polyvinylidene difluoride (PVDF) membrane  Millipore, USA  

34. Snapwell™ insert with 0.4 µm pore polycarbonate 
membrane  

Corning, USA 

35. 0.25% Trypsin/EDTA  Corning, USA 

36. Tyrphostin A23 Corning, USA 

37. Vanadate Corning, USA 
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3.3 Experimental procedures 
3.3.1 Cell culture                                                                                                                 

T84 cells were cultured in a 1: 1 mixture of Dulbecco's modified Eagle's 
medium with 4.5 g/L of D-glucose and Ham's F12 Nutrient mixture (Gibco, USA) 
containing 5% fetal bovine serum (Gibco, USA), 100 U/mL penicillin, and 100 mg/L 
streptomycin (Merck, Germany). The cells were grown in a 100 mm culture dish and 
maintained in an incubator at 37๐ C with 5% CO2 in air.  Culture media was changed 
every other day. The cells at 80% confluence were dissociated with 0.05% trypsin-EDTA 
every 6-7 days and seeded into suitable cell culture vessels for experiments. For 
electrophysiological studies, the cells were seeded into the Snapwell insert with 0.4 µm 
pore polycarbonate membrane at 3x105 cells/well. Culture media were changed every 
other day until the cells formed complete monolayer within 10-14 days. Transepithelial 
electrical resistance (TEER) was measured by Millicell ERS-2 volt-ohm meter coupled to 
Ag/AgCl electrodes (EMD Millipore Corporation, USA) to determine the membrane 
integrity. The monolayer with a TEER of 1,500-3,000 Ω.cm2 was selected for 
experiments. Besides, the cells were seeded into a 48-well plate for cytotoxicity assay, 
or a 60 mm culture dish for western blot analysis. Culture medium was changed every 
other day until the day of the experiment. 

 
3.3.2 Cytotoxicity assay  

The MTT colorimetric assay was used to determine the cytotoxicity of 
kaempferol. It is based on the ability of NAD(P)H-dependent oxidoreductase enzymes to 
reduce a yellow tetrazolium salt (MTT) to purple formazan crystals. Thus, this assay was 
applied to quantify cell viability in terms of reductive activity, which is defined as the 
enzymatic reduction of the tetrazolium molecule to insoluble formazan crystals by 
dehydrogenases found in the mitochondria of living cells (194). T84 cells were seeded into 
a 48-well plate at a density of 1x105 cells/well and cultured for 7 days in a humidified 
CO2 incubator at 37°C. Afterward, the culture media were removed, followed by washing 
the cells with PBS. Then, the cells were divided into seven groups, i.e., complete media 
without any treatment ( control group) , complete media containing 0.01% (v/v) DMSO 
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(DMSO group), complete media containing kaempferol 1, 5, 10, 50 or 100 µM (treatment 
groups) dissolved in 0.01% DMSO. The same amount of DMSO volume was added in all 
treatment and DMSO groups. The cells were then incubated for 24 h or 48 h in a CO2 
incubator. Following incubation, the media were removed, and each well was added 
with 125 µl of serum-free media containing 10% MTT solution (5 mg/mL in distilled 
water) and incubated for 3 h in a CO2 incubator. Then, all solutions in each well were 
removed. The cells were washed with PBS, added 100 µl of DMSO, and incubated in the 
dark for 45 min.  

All solutions were transferred to a 96-well plate for measuring the 
absorbance in terms of its optical density (OD) by a microplate reader (Biotek, USA) at 
570 nm (wavelength of MTT-derived formazan) and 620 nm (wavelength of 
background). The OD unit of the DMSO and all treatment groups at 570 nm were 
subtracted by the culture media background OD unit at 620 nm before calculating cell 
viability. The maximum non-cytotoxic concentration was assessed as the concentration 
required to retain cell viability by 90% (170). The percentage of cell viability was 
calculated as a percentage of the DMSO group using the following formula.  

 
 

 

 

 

 

 

 

 

Percentage of cell viability = Absorbance of treatment groups x 100 

Absorbance of DMSO group 
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3.3.3 Ussing chamber experiments 

• Measurement of short-circuit current under basal condition 
The effect of kaempferol on ionic transport across T84 cell monolayers was 

studied by the Ussing technique. The T84 cells were seeded into the Snapwell insert at 
a density of 3x105 cells/well and cultured for 10-14 days to form the complete 
monolayer. During the cell culture, TEER was measured to assess the cell monolayer 
integrity every other day by Millicell ERS-2 volt-ohm meter coupled to Ag/AgCl 
electrodes (EMD Millipore Corporation, USA). The complete monolayers, which had a 
TEER of 1,500-3,000 Ω.cm2, were selected for experiments. The monolayers were 
mounted in Ussing chambers containing standard Ringer solution pH 7.4 (in mM: 118 
NaCl, 4.5 KCl, 2.5 CaCl2, 0.54 MgCl2, 25 NaHCO3, 1.5 NaH2PO4), maintained at 37°C 
and bubbled with 95% O2 and 5% CO2 (carbogen) as shown in figure 15. EVC-4000 
voltage/current clamp (World Precision Instrument, USA)  with Ag/AgCl electrodes were 
connected to bathing solution through 3 M KCl agar bridges for measuring short-circuit 
currents (ISC) and transepithelial potential difference (PD). Transepithelial conductance 
(G) was calculated by applying Ohm's law (G = ISC/PD). The monolayers were 
maintained under short-circuit conditions throughout the experiment, except when the 
PD value was measured before and after adding test compounds. The voltage clamp 
data was sent through a PowerLab 4/35 A/D converter and then saved on an 
Intel® Core™ i5-3570, 3.40 GHz, 3401 MHz Processors. After mounting the monolayer 
on the Ussing chamber, it was equilibrated for at least 30 min to establish a stable ISC 
before adding test compounds. The ISC was defined as the charge flow per time when 
the cell monolayer was short-circuited (PD was set to 0 mV). Using an apical site as a 
reference, a positive ISC indicated the movement of positive charges from the apical side 
to the basolateral side (cation absorption), the movement of negative charges from the 
basolateral side to the apical side (anion secretion), or a combination of both processes. 
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Figure 15 Ussing chamber setup for studying the effect of kaempferol on short circuit 
current in T84 cell monolayer 
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• Measurement of short-circuit current under anion replacement condition 
In anion replacement experiments, T84 cell monolayers were mounted in 

Ussing chambers containing different Ringer solutions (pH 7.4) to investigate the type of 
anion in response to ISC induced by kaempferol. Since stimulating the ISC response could 
result from the transport of chloride, bicarbonate, or both, the effect of kaempferol were 
tested under Cl- free, HCO3

--free or Cl- and HCO3
--free Ringer solution. In Cl- free 

solution, gluconate salts were used as a substitute for Cl- (in mM: 118 Na-gluconic acid, 
25 NaHCO3, 4.5 K-gluconic acid, 2.5 Ca-gluconic acid, 1.2 NaH2PO4, 0.54 Mg-gluconic 
acid), and bubbled with carbogen, while in HCO3

- free solution, HEPES buffer was used 
as a substitute for HCO3

- (in mM: 118 NaCl, 25 HEPES buffer, 4.5 KCl, 2.5 CaCl2, 1.2 
NaH2PO4, 0.54 MgCl2). Both HCO3

- free and Cl--HCO3
- free Ringer solutions (in mM: 118 

Na-gluconic acid, 25 HEPES buffer, 4.5 K-gluconic acid, 2.5 Ca-gluconic acid, 1.2 
NaH2PO4, 0.54 Mg-gluconic acid) were controlled at 37°C and aerated with 100% O2.  
After a stable baseline, kaempferol was tested to obtain its maximum ISC response.  

• Measurement of apical Cl- current 
Since epithelial cell monolayers are composed of apical or basolateral 

membranes, the technique of selective membrane permeabilization was applied to 
study the transport activity of either the apical or basolateral membrane. This technique 
functionally eliminates the particular membrane from the electrical circuit by 
permeabilization with polyene antifungal amphotericin B which can form pores via 
binding to cholesterol in human cell membranes (figure 16).(195) The formation of pores 
contributes to increased membrane permeability and rapid leakage of monovalent and 
divalent ions, including K+, Na+, H+, Cl-, and Ca2+.(195) Thus, by applying the amphotericin 
B to form pores and eliminate ionic resistance of one side of the membrane (such as 
basolateral side), the ionic change of another side of membrane (apical side) in 
response to test compounds can be determined. 
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Figure 16 The action of amphotericin B on permeabilization of human cell membranes. 
The binding of amphotericin B to cholesterol causes the formation of pores, leading to 
increased membrane permeability and rapid leakage of monovalent and divalent ions, 
for example, K+, Na+, and Ca2+. Adapted from Bhattacharya and co-worker.(195) 
 

In the experiment, apical Cl- current (ICl) was measured by the 
permeabilization of the basolateral side of the monolayers. The apical hemichamber was 
filled with a high concentrate KCl Ringer solution pH 7.4 (in mM: 111.5 KCl, 25 NaHCO3, 
12 D-glucose, 1.8 Na2HPO4, 1.25 CaCl2, 1 MgSO4, 0.2 NaH2PO4)  while the basolateral 
hemichamber was filled with a KmeSO4 Ringer solution pH 7.4 (in mM: 120 KMeSO4, 20 
KHCO3, 15 mannitol, 5 NaCl, 2 calcium gluconate, 1.3 K2HPO4, 1 MgSO4, 0.3 KH2PO4,), 
maintained at 37°C and bubbled with carbogen. Then, amphotericin B (50 µM) was 
added into the basolateral hemi-chamber to permeabilize the basolateral membrane, or 
in other words, to eliminate the basolateral membrane from the electrical circuit. Test 
compounds were added into the apical or basolateral hemi-chamber or both after the 
equilibration of the monolayer, and the data of ICl and PD will be recorded. 
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Figure 17 Model for studying the effect of kaempferol on apical Cl- current in 
amphotericin B-permeabilized T84 cell monolayer 

 

• Measurement of basolateral K+ current  
Basolateral K+ current (IKB) was measured using amphotericin B-

permeabilized apical membrane of the monolayers. In this experiment, the apical 
hemichamber was filled with a KMeSO4 Ringer solution, while the basolateral 
hemichamber was filled with a NaMeSO4 Ringer solution pH 7.4 (in mM: 120 NaMeSO4, 
30 mannitol, 5 NaCl, 3 calcium gluconate, 1 MgSO4, 20 KHCO3, 0.3 KH2PO4, 1.3 
K2HPO4). Afterward, amphotericin B (50 µM) was added to the apical hemi-chamber to 
permeabilize the apical membrane. All solutions were controlled at 37°C and bubbled 
with carbogen. After the equilibration of the monolayer, test compounds were added into 
the basolateral or apical hemi-chamber or both, and the data of IKB and PD were 
recorded. 
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Figure 18 Model for studying the effect of kaempferol on basolateral K+ current (IKB) in 
amphotericin B-permeabilized T84 cell monolayer 

 
3.3.4 Western blot analysis 

The effect of kaempferol on the expression of CFTR ion transport protein 
was determined using western blot analysis. T84 cells were plated in a 60 mm culture 
dish at a density of 3x105 cells/well and cultured for 7 days at 37 °C in a CO2 incubator. 
Then, the cells were treated with kaempferol 50 µM in complete media ( dissolved in 
0.01% v/v DMSO)  or DMSO and incubated for 24 h. After completion of treatment, the 
cells were removed from the media containing kaempferol and washed twice with PBS. 
Total protein was isolated from the cells using a lysis buffer containing (in mM) 46.5 Tris 
(adjust pH 7.4), 150 mM NaCl, 1 EDTA, 1 NaF, 1 PMSF, 1% NP-40, and 1% protease 
inhibitor mixture (Sigma, USA). The cell lysate was transferred to an Eppendorf tube and 
incubated on ice for 30 min. Afterward, all solutions were centrifuged at a speed of 
12,000 rpm at 4°C for 15 min, and the supernatant was collected to quantitate protein 
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concentration by Bicinchoninic acid assay (BCA assay) . The reagents B and A were 
mixed in a ratio of 1 to 50 for preparing Bicinchoninic acid and incubated in the dark at 
room temperature for 30 min. The standard bovine serum albumin (BSA) was prepared 
at the concentrations of 2000, 1500, 1000, 750, 500, 250, and 125 µg/ml. The protein 
samples were diluted eightfold in nanopure water. A 100 µl of BCA mixture was added 
to a 96-well plate and followed by mixing with 5 µl of the BSA and protein samples. 
Then, the plate was enclosed with aluminum foil in an incubator for 30 min. After 
complete incubation, the plate was placed into a spectrophotometer for measuring the 
optical density (OD) of proteins at 570/620 nm. The protein concentration was 
calculated by comparing it with BSA standard curve. 

An equal concentration of protein samples (60 µg/ml) was loaded into 7.5% 
Sodium Dodecyl Sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for separating 
proteins based on their molecular weights. The mirror and comb of the western blot set 
were cleaned with methanol and set together for the setting gel. 7.5% resolving gel was 
loaded between the mirrors, followed by 4% stacking gel. The protein samples and 
loading dye were mixed in a ratio of 1:1 and heated at 65 °C for 5 min. The precision 
plus marker and the mixed samples were loaded into wells of the hardening gel. Then, 
the gel was run at 100 volts for 120 min. The separated proteins were transferred to the 
polyvinylidene difluoride (PVDF) membrane (Millipore, USA). The membrane was 
washed with 1X Tris-Tween 1 time (5 min/time), blocked with 5% non-fat milk in 1XTris-
tween for 1 h at room temperature, washed with 1X Tris-Tween 6 times, and incubated 
overnight at 4 °C with primary antibodies including mouse monoclonal anti-CFTR (1:100 
dilution), and anti--actin (1:1,000 dilution). Subsequently, the membrane was washed 
with 1X Tris-Tween 6 times before incubation with horseradish peroxidase-conjugated 
goat anti-mouse IgG secondary antibody (1:2,000 dilution) for 1 h at room temperature 
and washed again with 1X Tris-Tween 6 times. Immunoreactive signals were visualized 
by incubating the membrane with ECL substrate for 1 min. The membrane was imaged 
on the ChemiDoc Imaging System (Bio-Rad, USA)  for 1 min. The target protein band 
was compared with -actin. The band density of protein expression was calculated 
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using the Adobe Photoshop program (Adobe Photoshop CC 2020 software, USA) and 
ImageJ (NIH, USA). 

 

3.4 Statistical analyses 

Data were reported as mean ± the standard error of the mean (SEM); values of n 
referred to the number of experiments in each group. EC50 was calculated using log 
(agonist) versus response-variable slope procedure in GraphPad Prism software version 
9.0.0. Statistical comparisons between the control and one treated group or between 
two treated groups were analyzed using Student's t-test, while Analysis of Variance 
(ANOVA) was used to compare the means of the multiple groups. The difference of 
means between the control and treatment groups, following a significant ANOVA, was 
determined using Dunnett's test (GraphPad Prism software version 8.0.2, Inc., San 
Diego, CA). A value of P <0.05 was accepted as a significant difference.  
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3.5 Experimental Protocols  
Part 1. Evaluation of the cytotoxic effect of kaempferol 

To assess the cytotoxicity of kaempferol, the MTT colorimetric assay was 
used to test the viability of T84 cells after incubation with kaempferol. T84 cells were 
seeded into a 48-well plate at a density of 1x105 cells/well and cultured for 7 days in a 
CO2 incubator at 37 °C. After that, the cells were treated with different concentrations of 
kaempferol (1, 5, 10, 50, and 100 µM) in complete media for 24 h and 48 h. The 
equivalent volume of DMSO used for dissolving kaempferol was added for vehicle 
control. After complete incubation, the media was removed, and each well was exposed 
to 125 µl of 10% MTT solution in complete media for 3 h in a CO2 incubator at 37 °C. 
After removal of medium, the MTT-derived formazan was solubilized by 100 µl of DMSO, 
and the absorbance at wavelength 570/620 nm was measured by a microplate reader. 
The cytotoxic effect of kaempferol was reported as a percentage of cell viability when 
compared with the DMSO group. Concentrations of kaempferol that retain cell viability 
by 90% were non-cytotoxic.   

 
Part 2. Investigation of the effects of kaempferol on the ion transport across 

the intact monolayer 
2.1 The direct effect of kaempferol on basal short circuit current  

The effect of kaempferol on the ion transport across the T84 cell 
monolayer was studied by the Ussing technique. The monolayers grown in Snapwell 
inserts were mounted in the modified Ussing chamber bathed on both apical and 
basolateral sides with identical Ringer's solution, which was maintained at 37°C and 
bubbled with carbogen. At the start of experiment, the cell monolayers were equilibrated 
for 30 min to obtain a stable baseline with continuous recording of ISC. The PD was 
intermittently recorded before and after adding the test compounds. Once the baseline 
was stable, a single dose of kaempferol (50 µM) was added to the apical and 
basolateral solutions to test the effect on basal short circuit current (ISC) (figure 19). The 
effect of DMSO on basal ISC was verified by adding an equal volume of DMSO used to 
dissolve substances into the apical and basolateral solutions. Then, different 
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concentrations of kaempferol (1, 5, 10, 50, and 100 µM) were added into apical and 
basolateral solutions ( figure 20), and a concentration that produced the maximum 
response of ISC was selected for studying the rest of the experiments. Moreover, the 
effective dose of kaempferol (50 µM) was tested for its effect on each side of the T84 
cell monolayer by adding kaempferol into the apical or basolateral solution at a time 
(figure 21). 
 

 

                                                         

 

Figure 19 Protocol for studying a single dose of kaempferol on short circuit current in 
T84 cell monolayer (a = apical, b = basolateral) 
 

 

 

                                                        

  

Figure 20 Protocol for studying the concentration-dependent short circuit current 
response of kaempferol in T84 cell monolayer (a = apical, b = basolateral) 
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Figure 21 Protocol for studying the effect of kaempferol on short circuit current when 
added into each side of T84 cell monolayer 

 
2.2 Effect of kaempferol on ionic basis of ion transport  

Effect of kaempferol on transepithelial sodium absorption 
The effect of kaempferol on specific ion transport was determined using 

selective ion channel blockers in the T84 cell monolayer mounted in the Ussing chamber 
apparatus. Based on the ISC recording, the positive ISC could be a result of the process of 
transepithelial cation absorption or transepithelial anion secretion. To investigate the 
effect of kaempferol on sodium absorption, 10 µM of amiloride was added into apical 
solution to block the epithelial sodium channels (ENaC) followed by kaempferol 50 µM 
(figure 22).  
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Figure 22 Protocol for studying the effect of kaempferol on sodium absorption in T84 cell 
monolayer 

 
Effect of kaempferol on transepithelial chloride secretion 
To further investigate the effect of kaempferol on transepithelial chloride 

secretion, we used a variety of pharmacological channels, transporter blockers, and 
anion substitution experiments to block chloride secretion. In colonic epithelium, 
chloride secretion that commonly occurs through two major types of chloride channels, 
CFTR and CaCC was tested for the kaempferol effect. After a stable baseline ISC, CFTR 
channel inhibitors ( 50 µM of CFTR-172inh or 200 µM of glibenclamide)  or a chloride 
channel blocker ( 100 µM of NPPB)  were added into the apical solution for 10 min 
followed by kaempferol (50 µM) . In a similar manner, CaCCinh-A01 (30 µM)  or DIDS 
(100 µM) was added into the apical solution for 20 min to block the CaCC channels prior 
to the addition of kaempferol (50 µM). Furthermore, bumetanide (200 µM), a Na+-K+-Cl-

cotransporter (NKCC) blocker, was added into the basolateral solution for 10 min before 
kaempferol addition to examining the effect of kaempferol on the cellular uptake of Cl- 
through NKCC cotransporter which influenced chloride secretion (figure 23). 
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Figure 23 Protocol for evaluating the effect of kaempferol on chloride secretion via 
CFTR, CaCC, or NKCC in T84 cell monolayer 
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Effect of ion substitution on kaempferol-activated short circuit current 
Since the increased ISC in response to kaempferol could be due to 

secretion of anion which mainly comprises chloride, bicarbonate, or both, we also 
determined the ionic basis of kaempferol-activated ISC response by ion substitution 
testing. In the experiments, gluconate salts were substituted for Cl-, and HEPES was 
substituted for HCO3

-. Experiments under Cl- free condition were bubbled with 95% O2 
and 5% CO2, while HCO3

- free and Cl-- HCO3
- free conditions were bubbled with 100% 

O2. Following mounting the T84 monolayer in the Ussing chamber filled in both sides 
with Cl- free, HCO3

- free or Cl-- HCO3
- free Ringer solution for at least 30 min, kaempferol 

(50 µM) was added to apical and basolateral solutions (figure 24). 
 

 

                                                         

 

Figure 24 Protocol for studying the effect of kaempferol-activated short circuit current 
under Cl- free, HCO3

- free, or Cl--HCO3
- free condition in T84 cell monolayer 
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Effect of kaempferol on cAMP-activated short circuit current 
The modulatory effect of kaempferol on cAMP-activated transepithelial 

ISC was tested in the presence of forskolin. Forskolin is an activator of adenylate cyclase 
that increases the synthesis of intracellular cAMP, leading to the opening of CFTR. After 
mounting the filter-grown cell monolayer in the Ussing chamber filled with the standard 
Ringer solution, forskolin (10 µM) was firstly added and followed by kaempferol (50 µM) 
(figure 25). Conversely, kaempferol (50 µM) was added before adding forskolin (figure 
26) to determine the kaempferol effect on the forskolin activated ISC. The change in Isc 
was measured when the current is stabilized. 

 
 

 

                                                        

 

Figure 25 Protocol for testing the effect of kaempferol on the forskolin-activated short 
circuit current 

 
 

 

                                                        

                                    

Figure 26 Protocol for testing the effect of forskolin on the kaempferol-activated short 
circuit current 
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Part 3. Investigation of the effect of kaempferol on the apical membrane 
permeability in the permeabilized monolayer 

3.1 The effect of kaempferol on the apical membrane permeability 
The direct effect of kaempferol on the apical chloride current 
To study the effect of kaempferol on the apical membrane permeability, 

the basolateral membrane of the monolayer was permeabilized with amphotericin B for 
measuring only the apical membrane current. In this experiment, the T84 monolayers 
were mounted in the Ussing chamber by bathing the apical membrane with a high-
concentrate KCl Ringer solution and the basolateral membrane with a KMeSO4 Ringer 
solution with amphotericin B (50 µM) to measure the apical chloride current. After 30 min 
of equilibration, kaempferol (50 µM) was added into apical and basolateral solutions to 
test the direct effect (figure 27). The kaempferol effect on the apical chloride current was 
also evaluated in the presence of amiloride (10 µM), CFTRinh-172 (50 µM) or CaCCinh-
A01 (30 µM) (figure 28). In another experiment, CFTRinh-172 (50 µM) was firstly added 
before kaempferol and followed by CaCCinh-A01 (Figure 29). 
 

 
 

 

                                                        

 

Figure 27 Protocol for investigating the effect of kaempferol on apical chloride current in 
permeabilized T84 cell monolayer 
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Figure 28 Protocol for investigating the effect of kaempferol-activated apical chloride 
current via ENaC, CFTR, or CaCC in permeabilized T84 cell monolayer 

 
 
 

 

                                                        

 

Figure 29 Protocol for investigating the effect of kaempferol on CaCC before using 
CaCC inhibitor in permeabilized T84 cell monolayer 
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The effect of kaempferol on cAMP-activated apical chloride current  
The effect of kaempferol on cAMP-activated apical chloride current was 

confirmed using forskolin and 8cpt-cAMP ( a cAMP-analog) . These experiments were 
performed in amphotericin B-permeabilized monolayers, as in protocol 3.1. After 
equilibration, forskolin (10 µM) or 8cpt-cAMP (100 µM) were administered to both apical 
and basolateral bathing buffer or the basolateral bathing buffer (figure 30), respectively, 
before adding kaempferol (50 µM). On the other hand, kaempferol was tested prior to 
the addition of forskolin or 8cpt-cAMP (figure 31). 
 
 

 
 

 

                                                        

 

Figure 30 Protocol for evaluating the effect of kaempferol on the cAMP-activated apical 
chloride current in the permeabilized basolateral membrane of T84 monolayer 

 
 
 

 

                                                        

 

Figure 31 Protocol for evaluating the effect of kaempferol on the 8cpt-activated apical 
chloride current in the permeabilized basolateral membrane of T84 monolayer 
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The effect of kaempferol on Ca2+-activated apical chloride current  
The effect of kaempferol on Ca2+-activated apical chloride current was 

determined using Ca2+ ionophore A23187 (a highly selective calcium ionophore), which 
increases intracellular Ca2+ levels (148). Protocol 3.1 was used for this experiment, which 
was performed using amphotericin B-permeabilized monolayers. Following 30 min of 
permeabilization, Ca2+ ionophore A23187 (1 µM) was added to the apical solution, 
followed by kaempferol (50 µM) (figure 32). 
 

 
 

 

                                                        

 

Figure 32 Protocol for evaluating the effect of kaempferol on the Ca2+-activated apical 
chloride current in the permeabilized basolateral membrane of T84 monolayer 
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3.2 The effect of kaempferol on the basolateral membrane permeability 
In studying the effect of kaempferol on the basolateral membrane 

permeability, the apical membrane of the monolayer was permeabilized with 
amphotericin B for measuring the basolateral membrane current ( IKB) . The apical 
membrane of the T84 monolayer was bathed with a KMeSO4 Ringer solution and 
permeabilized with amphotericin B (50 µM), while the basolateral membrane was bathed 
with a NaMeSO4 Ringer solution. After equilibration, 50 µM of kaempferol was added to 
both apical and basolateral solutions (figure 33). The data of IKB and PD were recorded.  
 

 
 

 

                                                        

 

Figure 33 Protocol for evaluating the effect of kaempferol on the basolateral potassium 
current in the permeabilized apical membrane of T84 monolayer 
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Part 4. Evaluation of the underlying mechanism of kaempferol through cAMP-
dependent protein kinase, tyrosine kinase and tyrosine phosphatase signaling pathway 

4.1 The effect of kaempferol on cAMP-dependent protein kinase signaling 
pathway 

To evaluate the effect of kaempferol-activated Cl- secretion was 
mediated by a cAMP-dependent protein kinase, the kaempferol response was tested 
using H89, a protein kinase A ( PKA)  inhibitor, to inhibit the cAMP-dependent PKA-
activated apical chloride current. This experiment was performed in basolateral-to-
apical Cl- gradient condition in amphotericin B-permeabilized basolateral membrane. 
After equilibration, H89 (10 µM) was administered to the apical bathing solution for 30 
min before kaempferol (50 µM) (figure 34).  

 
 
 

 

                                                        

 

Figure 34 Protocol for assessing the effect of kaempferol on cAMP-dependent protein 
kinase A signaling pathway 

 
4.2 The effect of kaempferol on tyrosine kinase and tyrosine phosphatase 

signaling pathways 
Since both tyrosine kinase and tyrosine phosphatase controls the 

phosphorylation state of CFTR channels, we further investigated the effect of AG490 or 
tyrphostin A23 (tyrosine kinase inhibitors) or vanadate (tyrosine phosphatase inhibitor) 
on the kaempferol-activated apical Cl- current response. The permeabilized basolateral 
side of the monolayers were added with AG490 (10 µM) or tyrphostin A23 (100 µM), 
tyrosine kinase inhibitors (figure 35), or vanadate (100 µM), tyrosine phosphatase 
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inhibitor (figure 36) to the apical and basolateral solutions for 30 min before the 
kaempferol treatment.  

 
 

 
 

 

                                                        

 

Figure 35 Protocol for assessing the effect of kaempferol on tyrosine kinase signaling 
pathway 

 
 
 

 

                                                        

 

 

Figure 36 Protocol for assessing the effect of kaempferol on tyrosine phosphatase 
signaling pathway 
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Part 5. Examination of the effect of kaempferol on CFTR protein expression  
The effect of kaempferol on the expression of CFTR protein was 

evaluated using western blot analysis. T84 cells were treated with kaempferol (50 µM or 
100 µM) or DMSO for 24 h and 48 h. The total proteins were isolated and determined for 
protein quantification by BCA protein assay. Then, the protein samples were separated 
in 7.5% SDS-PAGE, transferred into the PVDF membrane, and blocked with 5% non-fat 
milk for 1 h. Afterward, primary antibodies, including mouse monoclonal anti-CFTR and 
anti--actin, were added to the membrane and incubated overnight at 4 °C, followed by 
horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody for 1 h. 
Subsequently, the membrane was added by the enhanced chemiluminescence (ECL) 
substrate to increase immunoreactive signals. Lastly, the immunoreactive bands were 
imaged on the ChemiDoc Imaging System. The band density of CFTR protein 
expression was calculated and compared with -actin using the Adobe Photoshop 
program and ImageJ.  



 

CHAPTER 4  
RESULTS 

Part 1. The cytotoxic effect of kaempferol 
The cytotoxic effect on T84 cells of various concentrations of kaempferol used in 

this study was first determined using the MTT assay. Cells cultured for 7 days in 
complete media were incubated with kaempferol at concentrations of 1, 5, 10, 50, and 
100 µM for 24 or 48 h. The results showed that treatment with kaempferol 10 and 50 µM 
for 24 and 48 h significantly increased T84 cell viability compared to corresponding 
DMSO (p < 0.05). The increase in cell viability was proportional to the increased 
concentrations of kaempferol from 1 to 50 µM. The increased T84 cell viability was 
mostly observed at both 24 and 48 h when treated with kaempferol 50 µM. Regarding to 
treatment period, kaempferol 1 and 5 µM seemed to increase cell viability at 24 h 
greater than 48 h, whereas kaempferol 10 and 50 µM at 48 h seemed to be greater than 
24 h. However, the kaempferol treatments at the same concentration did not significantly 
increase cell viability between 24 and 48 h. In addition, there was no change in cell 
viability following treatment with kaempferol 100 µM for 24 and 48 h. (figure 37).    
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Figure 37 The cytotoxic effect of kaempferol in T84 cells. Cells incubated with 1-100 µM 
of kaempferol for 24 h and 48 h were assessed for cell viability using MTT colorimetric 
assay. Data showed the mean ± SEM (n = 3-5) of % cell viability compared to the DMSO 
group. *P< 0.05 compared to DMSO at specific incubation time by two-way ANOVA and 
Dunnett's post-hoc test. Non-statistical difference (ns) in % cell viability compared 
between 24 and 48 h at each treatment using two-way ANOVA and Sidak's multiple 
comparison post-test. 
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Part 2. The effects of kaempferol on the ion transport across the intact monolayer 
2.1 The effect of kaempferol on basal short circuit current  

We first investigated the effect of kaempferol on basal ion transport 
properties in T84 cells using Ussing technique. Under basal condition where cell 
monolayers on Snapwell were set in Ussing chambers containing both sides with 
standard Ringer solution, the average ISC, PD, and G values were 1.07 ± 0.10 µA/cm2, -
1.12 ± 0.13 mV, and 0.95 ± 0.11 mS/cm2 (n=54), respectively. Addition of kaempferol 
(50 µM) to both apical and basolateral solutions produced an increase in ISC with a 
maximum response of 19.54 ± 1.57 µA/cm2 within 7-8 min, followed by a slight drop in 
ISC and maintained continually for 90 min (n=8, figure 38). There were no changes in ISC 
at any time point after the equivalent volume of vehicle control DMSO was implemented 
(figure 39). The addition of kaempferol at concentrations ranging from 1 to 50 µM 
increased ISC in a concentration-dependent manner, but 100 µM decreased ISC (figure 
40A). An analysis of the kaempferol-induced accumulative ISC response showed an EC50 
value of 8.18 µM and a maximal response at 50 µM (n=3, figure 40B). Because 
kaempferol at a higher concentration (100 µM) did not increase the ISC further, the 
maximal response concentration (50 µM) was used in the remaining tests.  

To assess whether the apical or the basolateral membrane is responsible 
for kaempferol effect, we found that kaempferol stimulated ISC response when firstly 
applied to the apical side and slightly increased ISC after a subsequent addition to the 
basolateral side (figure 41A). Meanwhile, a basolateral addition of kaempferol produced 
a little increased ISC, and a significant increase in ISC was observed after an apical 
addition (figure 41B).  
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Figure 38 The effective concentration of kaempferol on basal short circuit current in T84 
cells. A representative ISC tracing showed the effect of kaempferol (50 µM, apical and 
basolateral) (n=8) on the increase in the ISC to a maximum response, followed by a slight 
decrease in the ISC response and maintained continuously. 
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Figure 39 The effect of DMSO on basal short circuit current in T84 cells. A representative 
ISC tracing showed the effect of vehicle DMSO (0.01% DMSO, apical and basolateral) 
(n=3) on no change in the ISC response. 
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Figure 40 Concentration dependent kaempferol-activated short circuit current. (A)  A 
representative ISC tracing showed the accumulative ISC response induced by kaempferol 
at concentrations of 1-100 µM (apical and basolateral) (n=3). ( B)  Concentration-
response relationship of kaempferol-activated increase in ISC showed an EC50 value of 
8.18 µM. Each value represented mean ± SEM (n=3). 
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Figure 41 The effect of kaempferol on basal short circuit current when added to each 
side of the membrane. ( A)  A representative ISC tracing showed an increase in ISC 
response when kaempferol (50 µM) was first applied in the apical solution and followed 
by the basolateral addition  (n=3). ( B)  A representative ISC tracing showed a small 
increase in ISC response when kaempferol was first added to the basolateral solution and 
a marked increased ISC following the apical addition (n=3). 
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2.2 Ionic basis of kaempferol-stimulated short circuit current 
2.2.1 Effect of kaempferol on transepithelial sodium ion transport  

Since the effect of kaempferol on the basal ISC was a positive value, this 
would be due to the movement of cation (e.g., Na+) from the apical to basolateral 
compartments (absorption) or the movement of anion (e.g., Cl-, HCO3

-) from the 
basolateral to apical compartments (secretion) or a combination of both. We first 
identified the effect of kaempferol on transepithelial sodium transport by using amiloride, 
a Na+ channel blocker. Amiloride is commonly used to block Na+ transport via the 
epithelial Na+ channels (ENaC), the principal cation transport in colonic epithelial cells. 
As shown in figure 42, an apical addition of amiloride (10 µM) did not change the ISC 
from baseline (figure 42A), and a subsequent addition of kaempferol (50 µM) to both 
solutions produced the increase in ISC by 19.18 ± 0.76 µA/cm2 within 7-8 min. The 
average increase in ISC by kaempferol in the presence of amiloride was not different from 
that induced by kaempferol alone (figure 42B). 
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Figure 42 Effect of the Na+ channel blocker amiloride on the kaempferol-activated short 
circuit current in T84 cells. (A) A representative ISC tracing showed the effect of amiloride 
(10 µM, apical) on no change in the ISC response and a marked increased ISC following 
the addition of kaempferol (50 µM, apical and basolateral). ( B)  Bar graph showed 
average changes in the ISC responding to kaempferol alone or in the presence of 
amiloride. Each value represented mean ± SEM (n=4). ns = non-statistical difference 
from kaempferol alone. 
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2.2.2 Effect of kaempferol on transepithelial chloride ion transport 
Two major types of Cl- channels involved in Cl- secretion in colonic 

epithelium are CFTR and Ca2+-activated Cl- channel (CaCC). To identify whether the 
kaempferol-increased ISC via CFTR-mediated transepithelial Cl- secretion, we tested the 
kaempferol response in the presence of a variety of CFTR inhibitors. As shown in figure 
43A-C, addition of CFTRinh-172 ( 50 µM, apical) slightly decreased baseline ISC but 
could not inhibit the kaempferol-increased ISC (figure 43A). On the other hand, 
pretreatment of the monolayer for 10 min with a sulphonylurea drug, glibenclamide (200 
µM, apical), did not affect basal ISC but It statistically decreased the kaempferol-induced 
increase in ISC by 64%  (7.06 ± 0.57 µA/cm2, n=4) (figure 43B-D) as compared to 
kaempferol alone. Moreover, pretreatment with 5-Nitro-2-(3-phenylpropylamino)benzoic 
acid (NPPB) (100 µM, apical) slightly increased basal ISC and abolished the kaempferol-
increased ISC by 84%  (3.09 ± 0.12 µA/cm2, n=4) (figure 43C-D). Although pretreatment 
with the specific CFTR inhibitor (CFTRinh-172) did not inhibit the kaempferol-increased 
ISC, the addition of CFTRinh-172 after kaempferol treatment decreased the kaempferol 
response by 48% (-9.53 ± 1.19 µA/cm2, n=3) (figure 43E). 

To examine the effect of kaempferol on CaCC, the cell monolayers were 
exposed to CaCC inhibitors in the apical solution prior to kaempferol addition. As shown 
in figure 44A-B, pretreatment with CaCCinh-A01 (30 µM) or DIDS (200 µM) for 20 min 
did not change the basal ISC and failed to inhibit the kaempferol induced increase in ISC 
response. The average changes in the kaempferol response in the absence or presence 
of CaCCinh-A01 or DIDS were shown in figure 44C. Moreover, the addition of the 
specific CaCC inhibitor (CaCCinh-A01) after kaempferol treatment slightly decreased 
the kaempferol response by 7%  (-1.24 ± 0.02 µA/cm2, n=3) (figure 44D). To assess the 
influence of kaempferol on the Cl- uptake step of the cell monolayers through NKCC 
cotransporter, we applied NKCC blocker bumetanide ( 200 µM)  into the basolateral 
solution followed by kaempferol treatment. Bumetanide had no effect on the basal ISC 
and reduced kaempferol-induced ISC by 61% (7.53 ± 0.51 µA/cm2, n=3) (figure 45A-B). 
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Figure 43 Effect of CFTR Cl- channel inhibitors on the kaempferol-activated short circuit 
current in T84 cells. Representative ISC tracings showed the effect of (A)  CFTRinh-172 
(50 µM, apical), (B) glibenclamide (200 µM, apical), and (C) NPPB (100 µM, apical) on 
change in the ISC response and a slight increased ISC following the addition of 
kaempferol (50 µM, apical and basolateral). (D) Bar graph showed average changes in 
the ISC responding to kaempferol alone or in the presence of CFTR Cl - channel inhibitors. 
Each value represented mean ± SEM (n=3-4). *P<0.05 compared to kaempferol alone 
by one-way ANOVA and Dunnett's post-hoc test. (E) Representative ISC tracings showed 
the effect of kaempferol following the addition of CFTRinh-172. 
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Figure 44 Effect of CaCC Cl- channel inhibitors on the kaempferol-activated short circuit 
current in T84 cells. Representative ISC tracings showed the effect of (A)  CaCCinh-A01 
(30 µM, apical) and (B) DIDS (100 µM, apical) on no change in the ISC response and a 
marked increased ISC following the addition of kaempferol (50 µM, apical and 
basolateral). ( C)  Bar graph showed average changes in the ISC responding to 
kaempferol alone or in the presence of CaCC Cl- channel inhibitors. Each value 
represented mean ± SEM (n=3). (D)  Representative ISC tracings showed the effect of 
kaempferol following the addition of CaCCinh-A01. 
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Figure 45 Effect of the NKCC cotransporter blocker bumetanide on the kaempferol-
activated short circuit current in T84 cells. (A)  A Representative ISC tracing showed the 
effect of NKCC blocker bumetanide (200 µM, basolateral) on a slight decrease in the ISC 
response and a small increased ISC following the addition of kaempferol (50 µM, apical 
and basolateral). ( B)  Bar graph showed average changes in the ISC responding to 
kaempferol alone or in the presence of bumetanide. Each value represented mean ± 
SEM (n=3). *P<0.05 compared to kaempferol alone by Student t-test.  
 
 
 



  79 

2.2.3 Effect of ion substitution on kaempferol-increased short circuit current 
As the kaempferol-induced increase in ISC was not inhibited by specific 

CFTR channel inhibitor CFTR172-inh, anion substitution experiments were also 
performed to validate the ionic basis of the kaempferol effect on anion secretion. Under 
normal Ringer's solution, kaempferol 50 µM produced a mean increase in ISC of 19.54 ± 
1.57 µA/cm2 (n=8). Replacement of Cl- with gluconate salts in both apical and 
basolateral solutions significantly decreased the maximal kaempferol-induced ISC by 
96% (0.73 ± 0.32 µA/cm2, n=3) (figure 46A-D), whereas replacement of HCO3

- free had 
no impact on the maximal kaempferol-induced ISC (19.22 ± 1.02 µA/cm2, n=3) (figure 
46B-D). Both Cl- and HCO3

- replacement significantly reduced the maximal ISC response 
by 96% (0.78 ± 0.25 µA/cm2, n=3) (figure 46C-D).  
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Figure 46 Effect of Cl- and HCO3
- substitution on the kaempferol-activated short circuit 

current in T84 cells. Representative ISC tracings showed the effect of kaempferol (50 µM, 
apical and basolateral) on the increase in the ISC response in (A)  Cl- free, (B)  HCO3

- 
free, and (C)  Cl--HCO3

- free solution. (D)  Bar graph showed average changes in the 
kaempferol ISC response in normal Ringer’s (NR), Cl-  free, HCO3

- free, or Cl--HCO3
- free 

solutions. Each value represented mean ± SEM (n=3). *P<0.05 compared to NR by one-
way ANOVA and Dunnett's post-hoc test.  
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2.2.4 Effect of kaempferol on forskolin-activated chloride secretion  
To further investigate the involvement of cAMP in kaempferol-sensitive 

ISC, the kaempferol response was determined under Cl- secretion activated by forskolin. 
Forskolin is an adenylate cyclase activator that increases intracellular cAMP synthesis, 
resulting in CFTR opening and chloride secretion. The kaempferol-sensitive ISC was 
determined before and after addition of forskolin as shown in figure 47. Addition of 
forskolin (10 µM, apical and basolateral) induced the maximal ISC response to 166.59 ± 
1.76 µA/cm2 (n=3). A subsequent addition of kaempferol (50 µM, apical and basolateral) 
decreased the forskolin-stimulated ISC by 59% (-98.43 ± 9.43 µA/cm2, n=3) (figure 47A-
C). Moreover, pretreatment with kaempferol increased the ISC and reduced the forskolin-
activated ISC  to 25.81 ± 2.26 µA/cm2 (n=4), which was less than the treatment of forskolin 
alone by 85% (figure 47B-D). 
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Figure 47 Effect of kaempferol on forskolin-activated transepithelial chloride secretion.  
(A) A representative ISC tracing showed the effect of forskolin (10 µM, apical and 
basolateral) on a significant increase in the ISC response and a marked decreased ISC 
following the addition of kaempferol (50 µM, apical and basolateral). (B) A 
representative ISC tracing showed the effect of kaempferol on the increase in the ISC 
response and an additive increased ISC following the addition of forskolin. (C) Bar graph 
showed average changes in the ISC responding to kaempferol alone and in the presence 
of forskolin, or ( D)  in the ISC responding to forskolin alone and in the presence of 
kaempferol. Each value represented mean ± SEM (n=3-4). *P<0.05 compared to 
kaempferol alone or forskolin alone by Student t-test. 
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Part 3. The effect of kaempferol on the apical membrane permeability in the 
permeabilized monolayer 

3.1 The effect of kaempferol on the apical chloride current 
3.1.1 The direct effect of kaempferol on the apical chloride current 

Our experiments found that kaempferol increased ISC response in the 
T84 intact monolayer. We further studied the effect of kaempferol on apical membrane 
permeability in permeabilized T84 cell monolayers. An apical chloride current (ICl) was 
measured by permeabilizing the basolateral monolayer with amphotericin B and filled 
with a high-concentrate KCl Ringer solution in the apical side of monolayer and a 
KMeSO4 Ringer solution in the basolateral side. The effect of kaempferol with or without 
various types of channel blockers on the permeabilized monolayer was tested in a 
similar manner as the intact monolayer. Application of kaempferol (50 µM, apical and 
basolateral) was found to maximally increase ICl by -59.83 ± 3.75 µA/cm2 (n=6) (figure 
48A), as shown by the negative deflection of the current. Pretreatment with Na+ channel 
blocker amiloride (10 µM, apical) slightly decreased the ICl baseline (0.97 ± 0.42 µA/cm2, 
n=4), as shown by the slight positive deflection of the current and did not inhibit the 
stimulatory effect of kaempferol on the ICl (51.56 ± 2.30 µA/cm2, n=4) (figure 48B). 
Conversely, pretreatment of CFTR channel inhibitors CFTRinh-172 (50 µM, apical) 
markedly decreased the basal ICl and almost completely abolished the kaempferol-
induced increase in ICl- by 99% (-0.62 ± 1.02 µA/cm2, n=3) (figure 48C). Likewise, 
CaCCinh-A01 (30 µM, apical), CaCC inhibitor decreased the basal ICl and partially 
inhibited the kaempferol-activated ICl by 68% (-19.09 ± 6.34 µA/cm2, n=4) (figure 48D). 
The kaempferol-activated ICl was significantly decreased by Cl- inhibitors CFTRinh-172 
and CaCCinh-A01 compared to kaempferol alone, but not Na+ channel blocker 
amiloride (figure 49). Moreover, CaCCinh-A01 completely inhibited the residual ICl 
induced by kaempferol in the presence of CFTRinh-172 (n=3) (figure 50). 
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Figure 48 The effect of kaempferol on apical chloride current in the basolaterally 
permeabilized T84 monolayer. Representative ICl tracings showed the effect of ( A) 
kaempferol (50 µM, apical and basolateral) on a marked increase in the ICl response and 
the effect of ( B)  amiloride (10 µM, apical), ( C)  CFTRinh-172 (50 µM, apical), or ( D) 
CaCCinh-A01 (30 µM, apical) on the decrease in the ICl response and the significant 
increased ICl, the completely inhibited the increased ICl, or the partially inhibited the 
increased ICl, respectively, following the addition of kaempferol.  
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Figure 49 The effect of the Na+ channel blocker and Cl- channel inhibitors on the 
kaempferol-activated apical chloride current in the basolaterally permeabilized T84 
monolayer. Bar graph showed average changes in the ICl responding to kaempferol 
alone or in the presence of amiloride, CFTRinh-172, or CaCCinh-A01. Each value 
represented mean ± SEM (n=3-4). *P<0.05 compared to kaempferol alone by one-way 
ANOVA and Dunnett's post-hoc test. 
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Figure 50 The effect of the CFTR Cl- channel inhibitor on the kaempferol-activated apical 
chloride current in the basolaterally permeabilized T84 monolayer. A Representative ICl 
tracing showed the effect of CFTRinh-172 on a marked decrease in the ICl response, a 
slight increased ICl following the addition of kaempferol, and then inhibiting residual 
kaempferol-increased ICl by CaCCinh-A01. 
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3.1.2 The effect of kaempferol on cAMP-activated chloride current 
To further investigate the involvement of cAMP in kaempferol-activated 

ICl, the kaempferol response was determined under Cl- secretion activated by forskolin or 
8cpt-cAMP, respectively. The kaempferol-activated ICl, determined before and after 
adding forskolin or 8cpt-cAMP, was shown in figure 51 or 52. Addition of forskolin (10 
µM, apical and basolateral) or 8cpt-cAMP (100 µM, basolateral) stimulated the maximal 
ICl response to -223.85 ± 0.94 µA/cm2 (figure 51A-C, n=4) or -222.3 ± 25.39 µA/cm2 
(figure 52A-C, n=3), respectively. After that, addition of kaempferol (50 µM, apical and 
basolateral) were not changed the forskolin or 8cpt-cAMP-stimulated ICl from original 
response pattern (figure 51A-52A). In addition, pretreatment with kaempferol increased 
the ICl and decreased the forskolin or 8cpt-cAMP-activated ICl to -21.19 ± 4.99 µA/cm2 
(figure 51B, n=4) or -3.01 ± 0.52 µA/cm2 (figure 52B, n=3), respectively, which less than 
the treatment of forskolin alone by 91% (figure 51C) or 8cpt-cAMP alone by 99% (figure 
52C). 
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Figure 51 The effect of kaempferol on forskolin-activated chloride current in the 
basolaterally permeabilized T84 monolayer. (A) A representative ICl tracing showed the 
effect of forskolin (10 µM, apical and basolateral) on a significant increase in the ICl 
response and no increase in the ICl response following the addition of kaempferol (50 
µM, apical and basolateral). (B) A representative ICl tracing showed the effect of 
kaempferol on the increase in the ICl response and a slightly increased ICl following the 
addition of forskolin. (C)  Bar graph showed average changes in the ICl responding to 
forskolin alone and in the presence of kaempferol. Each value represented mean ± SEM 
(n=4). *P<0.05 compared to forskolin alone by Student t-test. 
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Figure 52 The effect of kaempferol on 8-cpt-cAMP-activated chloride current in the 
basolaterally permeabilized T84 monolayer. (A) A representative ICl tracing showed the 
effect of 8cpt-cAMP (100 µM, basolateral) on a significant increase in the ICl response 
and no increase in the ICl response following the addition of kaempferol (50 µM, apical 
and basolateral). (B) A representative ICl tracing showed the effect of kaempferol on the 
increase in the ICl response and a small increased ICl following the addition of 8cpt-
cAMP. ( C)  Bar graph showed average changes in the ICl responding to 8cpt-cAMP 
alone and in the presence of kaempferol. Each value represented mean ± SEM (n=4). 
*P<0.05 compared to forskolin alone by Student t-test. 
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3.1.3 The effect of kaempferol on Ca2+-activated chloride current  
To evaluate the involvement of intracellular Ca2+ in kaempferol-activated 

ICl, the kaempferol response was examined under increasing intracellular Ca2+ levels by 
Ca2+ ionophore A23187. Pretreatment of the monolayer with Ca2+ ionophore (1 µM, 
apical) produced the increased ICl by -9.48 ± 2.17 µA/cm2 (n=4). A subsequent addition 
of kaempferol (50 µM, apical and basolateral) increased the ICl response to -53.07 ± 
1.83 µA/cm2 ( n=4) (figure 53A). The kaempferol-activated ICl in the presence of Ca2+ 
ionophore was not significantly different compared to kaempferol alone (figure 53B). 
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Figure 53 The effect of kaempferol on Ca2+-activated chloride current in the basolaterally 
permeabilized T84 monolayer. (A) A representative ICl tracing showed the effect of Ca2+ 

ionophore (1 µM, apical) on a slight increase in the ICl response and a marked increased 
ICl following the addition of kaempferol (50 µM, apical and basolateral). (B) Bar graph 
showed average changes in the ICl responding to kaempferol alone or in the presence of 
Ca2+ ionophore. Each value represented mean ± SEM (n=4). 
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3.2 The effect of kaempferol on the basolateral membrane permeability 
To investigate the effect of kaempferol on basolateral membrane 

permeability, a basolateral potassium current (IKB) was assessed by permeabilizing the 
apical side of monolayers with amphotericin B, bathed with a KMeSO4 Ringer solution in 
the apical side and a NaMeSO4 Ringer solution in the basolateral side. Kaempferol (50 
µM, apical and basolateral) increased the maximum IKB by 9.80 ± 2.65 µA/cm2 within 7-8 
min, as shown by the positive deflection of the current, and then declined slightly to a 
constant level above the baseline at 6.47 ± 0.83 µA/cm2 (n=5, figure 54). 
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Figure 54 The effect of kaempferol on the basolateral potassium current in the apically 
permeabilized T84 monolayer. A representative IKB tracing showed the effect of 
kaempferol (50 µM, apical and basolateral) on the increase in the IKB response. Each 
value represented mean ± SEM (n=5).  
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Part 4. Evaluation of the underlying mechanism of kaempferol through cAMP-dependent 
protein kinase, tyrosine kinase and tyrosine phosphatase signaling pathway 

4.1 The effect of kaempferol on cAMP-dependent protein kinase signaling 
pathway 

To investigate the mechanism of kaempferol-activated Cl- secretion, the 
protein kinase A inhibitor H89 was used to test the effect of kaempferol mediated by a 
cAMP-dependent protein kinase. This experiment was carried out in basolateral-to-
apical Cl- gradient condition in amphotericin B-permeabilized basolateral membrane. 
Pretreatment with H89 (10 µM, apical and basolateral) for 30 min decreased the 
baseline ICl by 16.74 ± 1.70 µA/cm2, as shown by the positive deflection of the current 
and significantly abolished the kaempferol-activated ICl by 88% (-7.15 ± 2.13 µA/cm2, 
n=4) (figure 55A-B). 
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Figure 55 The effect of protein kinase A inhibitor H89 on the kaempferol-activated apical 
chloride current in the basolaterally permeabilized T84 monolayer. (A) A representative 
ICl tracing showed the effect of protein kinase A inhibitor H89 (10 µM, apical and 
basolateral) on a slight decrease in the ICl response and a small increased ICl following 
the addition of kaempferol to kaempferol (50 µM, apical and basolateral). (B) Bar graph 
showed average changes in the ICl responding to kaempferol alone and in the presence 
of H89. Each value represented mean ± SEM (n=4). *P<0.05 when compared to 
kaempferol alone by Student t-test. 
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4.2 The effect of kaempferol on tyrosine kinase and tyrosine phosphatase 
signaling pathway  

Since Cl- secretion through CFTR is also regulated by tyrosine kinase or 
tyrosine phosphatase. To evaluate the effect of kaempferol-activated Cl- secretion 
controlled by tyrosine kinase or tyrosine phosphatase, tyrosine kinase inhibitors (AG490 
and tyrphostin A23)  or tyrosine phosphatase inhibitor ( vanadate)  were added to the 
apical and basolateral solutions for 30 minutes before testing by kaempferol. AG490 (10 
µM) or tyrphostin A23 (100 µM) reduced the baseline ICl by -19.73 ± 5.95 µA/cm2 (n=4, 
figure 56A) or -15.21 ± 0.52 µA/cm2 (n=3, figure 56B) and little inhibited the kaempferol-
activated ICl by 16% (-50.04 ± 4.26 µA/cm2, n=3) (figure 56A-D) or by 16% (-50.00 ± 1.87 
µA/cm2, n=3) (figure 56B-D), respectively. Furthermore, vanadate (100 µM) reduced the 
baseline ICl by -20.88 ± 0.96 µA/cm2 (n=4, figure 56C) and slightly increased the 
kaempferol-activated ICl by 3% (-61.66 ± 5.06 µA/cm2, n=3) (figure 56C-D). However, the 
kaempferol-activated ICl was not significantly different when compared pretreatment with 
tyrosine kinase inhibitors AG490 or tyrphostin A23 and a tyrosine phosphatase inhibitor 
vanadate to kaempferol alone (figure 56D). 
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Figure 56 The effect of tyrosine kinase and tyrosine phosphatase inhibitors on the 
kaempferol-activated apical chloride current in the basolaterally permeabilized T84 
monolayer. Representative ICl tracings showed the effect of tyrosine kinase inhibitors (A) 

AG490 (10 µM) or (B) tyrphostin A23 (100 µM) and the tyrosine phosphatase (C) 
vanadate (100 µM) on the increase in the ICl response and a marked increased ICl 
following the addition of kaempferol to kaempferol (50 µM, apical and basolateral). (D) 
Bar graph showed average changes in the ICl responding to kaempferol alone and in the 
presence of AG490, tyrphostin A23, or vanadate. Each value represented mean ± SEM 
(n=3). 
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Part 5. The effect of kaempferol on the ion transport protein expression 
Our study showed that kaempferol had an acute effect on stimulating chloride 

secretion mainly through CFTR protein. To study the effect of kaempferol on regulating 
ion transport at a genomic level, we further investigated the genetic effect of kaempferol 
on the expression of CFTR protein. The cells were cultured in the complete media until 
they reached 70-80% confluence before treatment with kaempferol. The cell lysates 
were collected to determine CFTR protein expressions by western blot analysis. As 
shown in figure 56, the antibodies of CFTR and -actin recognized the protein bands 
with a molecular mass of 165 and 43 kDa, respectively (figure 57A). 

The protein band density calculated as the expression ratio of CFTR to -actin 
showed that the DMSO group slightly increased the CFTR expression ratio compared to 
no treatment in the control group but no significant difference. Treatment of the cells with 
kaempferol (50 µM) for 24 h, but not 48 h, significantly increased the CFTR expression 
(figure 57B) compared to the DMSO. In contrast, treatment with 100 µM of kaempferol 
for 24 h and 48 h did not affect the expression of CFTR (figure 57B). However, CFTR 
protein expressions were decreased by DMSO and both concentrations of kaempferol 
when treatment for 48 h compared to treatment for 24 h. 
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Figure 57 Effect of kaempferol on CFTR protein expression in T84 cells. The cells 
cultured in complete media (Con) were incubated with DMSO or kaempferol at 50 and 
100 µM for 24 h or 48 h. Total proteins were extracted to determine the CFTR protein 
expression by western blot. (A) Representative band density of CFTR and -actin 
protein expression. (B) Densitometric analysis of CFTR expression was normalized to 
housekeeping protein -actin. Each value represented mean ± SEM (n=3). *P< 0.05 
compared to corresponding DMSO by two-way ANOVA followed by Sidak's multiple 
comparison post-test. 



 

CHAPTER 5  
SUMMARY DISCUSSION AND SUGGESTION 

The colonic epithelium is essential in maintaining physiological homeostasis by 
controlling proper Na+ absorption and Cl- secretion. The loss of balance or problems in 
absorption and secretion via the colonic epithelium can result in diarrhea or 
constipation.(19) Flavonoids are a group of natural substances that have been shown to 
regulate ion transport in rat and human colonic epithelium.(27, 30, 31, 196) Kaempferol which 
is flavanol, a subclass of flavonoids, has been identified as the most potent activator of 
Cl- secretion in human airway epithelial cells.(33) This report by Illek et al. provides 
information to support that kaempferol can be used as a compound for drug 
development targeting CFTR activation. Although kaempferol effect on colonic 
epithelium seems to induce a secretory response,(197) the effect and cellular mechanisms 
of kaempferol on the absorptive and secretory function in colonic epithelial cells remain 
unknown. This draws our interest in studying the effect and cellular mechanism of 
kaempferol on the regulation of ion transport in colonic epithelium using the human 
colonic adenocarcinoma cell line (T84). 

First, we evaluated the cytotoxic effect of kaempferol. Our results showed that all 
concentrations of kaempferol when treated for 24 and 48 h had a percentage of cell 
viability over 90%, indicating no toxicity to T84 cells. Moreover, kaempferol increased 
cell viability in a concentration-dependent manner except at the concentration of 100 
µM. Our study corresponded with a previous study showing kaempferol is not toxic to 
other human colon cancer cell lines.(198) This study has shown that treatment with a high 
dose of kaempferol (150 µM) for 3 h had no cytotoxicity effect on HT-29 and Caco-2 
cells, at the same time, also increased the percentage of cell viability. In addition, the 
high safety of kaempferol on normal epithelial cells has been evidenced.(199) Our findings 
indicated the appropriate and non-toxic concentrations of kaempferol used in the 
present study.  

Our study employed Ussing chamber technique to measure ISC which 
represented the transepithelial ion transport across the T84 cell monolayer. Apical and 



  99 

basolateral additions of kaempferol at concentrations ranging from 1 - 50 µM stimulated 
the ISC in a concentration-dependent manner, but high concentration (100 µM) inhibited 
the ISC. The biphasic ISC response of kaempferol was not unpredictable. Some flavonols 
have been shown to exert stimulatory effects at low concentrations and inhibitory effects 
at high concentrations. For example, flavonol quercetin and kaempferol have been 
found to have the biphasic ISC response in T84, CFTR-transduced fisher rat thyroid 
(FRT), or human sinonasal epithelial (HSNE) cells.(197, 200-202) Likewise, a flavone apigenin 
has been demonstrated as an activator of CFTR-mediated Cl- currents at low 
concentrations and a blocker at high concentrations in cells with high CFTR expression. 
(203) The inhibitory effects of flavone and flavonol may be because of the molecular 
structure as suggested by Illek and Schuier. They have identified the central aromatic-
pyrone of the flavone molecule that determines the affinity to the binding site, and the 4'-
hydroxyl structure that defines the efficiency as a flavone-based blocker.(203) Moreover, 
quercetin and luteolin are potent inhibitors of Cl- current due to their molecular 
characteristics of a 4 '-hydroxyl and a central-pyrone ring.(200) As kaempferol has similar 
molecular structure to quercetin, it could be anticipated that the inhibitory effect on ISC at 
the high concentration in the present study is possibly due to a 4'-hydroxyl and a 
central-pyrone ring in the chemical structure of kaempferol. Alternatively, the high 
kaempferol concentration could affect other unidentified channels or transporters that 
results in inhibition of Cl- secretion.   

In intact monolayer, the increased ISC by kaempferol was not changed in the 
presence of a Na+ channel blocker amiloride, suggesting that the effect of kaempferol is 
not involving Na+ absorption. To test the involvement of Cl- secretion in the kaempferol 
effect by applications of various Cl- channel blockers, we found that the kaempferol-
activated ISC was markedly inhibited after pretreatment with NPPB and glibenclamide, 
which are widely used as CFTR and nonselective anion inhibitors.(82) In contrast, 
pretreatment with CFTRinh-172, a selective inhibitor of CFTR, as well as CaCC inhibitors, 
CaCCinh-A01 and DIDS, failed to inhibit the kaempferol ISC response. However, the 
selective CFTR and CaCC inhibitors did not inhibit the kaempferol-increased ISC; the 
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addition of CFTRinh-172 after kaempferol treatment showed a marked decrease in the 
kaempferol response. Nevertheless, CaCCinh-A01 slightly decreased the kaempferol 
response. These results suggest kaempferol may increase ISC by activating anion 
secretion mainly through CFTR. In addition, results from anion substitution experiments 
revealed that the kaempferol-activated ISC was abolished in Cl- free solution and in Cl- 
and HCO3

- free solutions but not HCO3
- free solution, indicating that the kaempferol 

effect depends on Cl- secretion. Additionally, the increased ISC by kaempferol was 
inhibited in the presence of bumetanide, a specific blocker of basolateral NKCC. All 
these results support that kaempferol stimulates Cl- secretion possibly through CFTR. 
The finding that specific inhibitor CFTRinh-172 failed to inhibit the kaempferol response 
could be due to the movement of intracellular Cl- out of cells across the apical 
membrane through other non-CFTR channels. 

Since the permeabilized monolayer permits direct passage of ions to channels 
bypassing the cell membrane, it enables better control of ion concentration gradients 
and provides specific data on the kinetics and properties of the ion channels. 
Experiments with permeabilized T84 monolayer help to verify the effect of kaempferol on 
the specific type of Cl- channels and other channels or cotransporters that mediate Cl - 
secretion. Our findings demonstrated that kaempferol increases Cl- secretion in T84 
cells, which was supported by the following results. Firstly, the kaempferol induced a 
marked increase in apical Cl- current ( ICl)  which is not sensitive to amiloride. Secondly, 
the increased ICl induced by Kaempferol was completely inhibited after pretreatment 
with CFTRinh-172. This was correlated with the significant inhibition of the kaempferol-
stimulated ISC by glibenclamide and NPPB in intact monolayers. These results indicate 
that kaempferol activates Cl- secretion mainly via the CFTR channels. Thirdly, the 
kaempferol-stimulated ICl was about 60% inhibited by CaCCinh-A01, suggesting that 
kaempferol-stimulated Cl- secretion is in part mediated through CaCC. Lastly, the 
residual kaempferol-stimulated ICl in the presence of CFTRinh-172 was inhibited by 
CaCCinh-A01. All together indicate that kaempferol stimulates Cl- secretion via 
activating apical Cl- current mainly through CFTR and partially through CaCC.  
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The kaempferol results obtained from permeabilized monolayers contrast with 
those obtained from intact monolayers in that the kaempferol-induced increase in ICl, but 
not ISC, was not inhibited by both CFTRinh-172 and CaCCinh-A01. These different 
responses could be possibly due to different experimental conditions. In our 
experiments, intact monolayers were bathed with the same Normal Ringer’s solution in 
apical and basolateral membranes to eliminate chemical driving force. In contrast, 
permeabilized monolayers were bathed with a high-concentrated KCl Ringer solution in 
the apical membrane and a KMeSO4 Ringer solution as an intracellular solution in the 
basolateral membrane, which creates a Cl- concentration gradient. The high Cl- gradient 
solutions will create electrochemical driving force for apical Cl - current through existing 
open Cl- channel as evidenced by high basal ICl, as compared to a little change in basal 
ISC, which was markedly abolished by CFTR blockers. This CFTR blocker also inhibited a 
successive kaempferol ICl response. Although a previous patch-clamp study has 
demonstrated that binding of CFTRinh-172 occurs on both open and closed states of 
CFTR channels, the apparent binding affinity appears to be increased in conditions of 
the NBD dimerized open state.(204) Thus, CFTRinh-172 could be more likely to bind to 
CFTR channels in the open state, which can result in more effective inhibition of CFTR 
activity. In addition, CFTRinh-172 has a single negative charge at physiological pH, and 
thus its ability into the cytoplasm is dependent on cell plasma membrane potential.(82) 

Nevertheless, the result of kaempferol-stimulated ISC not being inhibited by CaCCinh-
A01 was still unexplained. Our results contradicted the previous study showing that the 
increased ISC by quercetin, a flavonol structurally similar to kaempferol, was completely 
abolished by CaCCinh-A01 in human colon adenocarcinoma cells (HT-29).(196) 

Basically, Na+-K+-ATPase cooperatively working with NKCC cotransporters and 
K+ channels at the basolateral membrane is required to generate the electrochemical 
driving force for Cl- secretion. The Cl- secretory process starts with the active entry of Cl- 
across the basolateral membrane via the NKCC cotransporters, which uses the Na+-K+-
ATPase established inwardly directed Na+ gradient to accumulate Cl- above its 
electrochemical equilibrium.(205) This process causes Cl- move out of the cell through 
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opening apical Cl- channels. In the meantime, recycle of K+ through basolateral 
K+ channels for properly function of the Na+-K+-ATPase will sustain a hyperpolarized 
driving force for Cl- secretion.(114) Our experiment with apically permeabilized T84 
monolayer bathed with high gradient K+ solution revealed the direct effect of kaempferol 
on stimulation of basolateral K+ current ( IKB) . Kaempferol produced an initial increase 
followed by a slight decrease in IKB. The subsequent slight decrease in the IKB was likely 
a result of a slight decrease in the ISC. Unfortunately, the specific types of K+ channels 
that respond to kaempferol are currently unclear and under investigation. This finding 
together with the result of kaempferol-stimulated ISC being inhibited by the NKCC 
inhibitor bumetanide supports the kaempferol effect on stimulating Cl- secretion across 
the T84 monolayer. This increased IKB also hyperpolarizes the basolateral membrane 
leading to Cl- exit through apical Cl- channels. Meanwhile, NKCC increases Cl- 
accumulation within cells. Taken together, all results from both intact and permeabilized 
monolayers support that kaempferol enhances Cl- secretion by promoting the driving 
force created by NKCC cotransporters and basolateral K+ channels. Our findings 
correspond to previous data showing flavonol-induced Cl- secretion by activating CFTR 
and basolateral NKCC.(206) Furthermore, many flavonoids have been shown activation of 
basolateral K+ channels.(28, 162, 196, 207, 208) 

To further explore the kaempferol effect on modulation of cAMP-activated Cl- 
secretion, kaempferol was applied before and after forskolin, an activator of adenylate 
cyclase or 8cpt-cAMP, an activator of cAMP-dependent protein kinase. Our results 
showed that kaempferol-stimulated ICl was completely inhibited in the presence of 
forskolin or 8cpt-cAMP. On the other hand, the forskolin/8cpt-cAMP-stimulated ICl was 
almost completely abolished in the presence of kaempferol. This non-additive effect of 
kaempferol and cAMP dependent agonists resembles those of genistein in previous 
studies.(207, 208) This finding indicates that kaempferol and cAMP dependent agonists may 
share a common Cl- secretory pathway that involves cAMP-dependent Cl- secretion via 
CFTR. The involvement of CFTR in the kaempferol response is consistent with the results 
showing that the specific CFTR blocker abolished the kaempferol-stimulated ICl. In the 
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present study, we did not measure the effect of kaempferol on the cAMP level in T84 
cells.  However, previous studies in T84 cells and human airway cells found that 
isoflavone genistein and quercetin stimulated Cl- secretion without an increase in 
intracellular cAMP.(201, 209, 210) Due to its chemical structure similar to those flavonoid 
compounds, it could be possible that kaempferol stimulates Cl- secretion through cAMP-
independent signaling pathway. Overall, it could be likely that kaempferol may stimulate 
Cl- secretion via cAMP-dependent or cAMP-independent signaling pathways or the 
direct activation of CFTR without an increase in intracellular cAMP.(201, 209, 210)  

Our findings in intact and permeabilized monolayers that pretreatment with 
kaempferol inhibited forskolin/8cpt-cAMP-activated Cl- secretion also suggests an 
inhibitory effect of kaempferol under condition of activated Cl - secretion. Due to limited 
study of kaempferol effect on cAMP-activated Cl- secretion in colonic epithelium, the 
inhibitory action of other flavonoids on the activated Cl- secretion has been evidenced. 
Flavonols quercetin and morin have been shown to decrease forskolin-stimulated ISC in 
T84 cells(200) while the flavone naringenin has been demonstrated to diminish the 
forskolin-activated ISC in human and rat colons.(211) Additionally recent reports have 
shown that pretreatment with flavonol quercetin abolishes forskolin-stimulated ISC in renal 
epithelial A6 cells.(206, 212) However, the effect of kaempferol on inhibiting the forskolin-
stimulated ISC is still unexplained. Only one report has mentioned that four weeks of 
treatment with quercetin reduces the Na+-K+-ATPase function by impairment of the Na+ 
binding site affinity.(213)  

Moreover, the inhibitory effect of kaempferol may be related to activating other 
signaling pathways. For example, adenosine monophosphate-stimulated kinase 
(AMPK), a cellular metabolic sensor, has been reported to inhibit CFTR and reduce 
cAMP-activated Cl- secretion.(214) Although previous studies have not investigated the 
effect of kaempferol on regulating ion transport through the AMPK signaling pathway, 
studies of anti-cancer effects have mostly found that kaempferol can induce AMPK 
activation.(215, 216) Furthermore, kaempferol may activate Ca2+-dependent Cl- secretion 
across intestinal epithelial cells, which can also activate other signaling pathways. 
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Activation of epidermal growth factor receptor (EGFR) and mitogen-activated protein 
kinase (MAPK) has been shown to downregulate epithelial K+ and Cl- channel activity 
and inhibit secretion in T84 cells.(217-219) In a study of airway mucin secretion, kaempferol 
has been demonstrated to regulate gene expression and production of mucin by 
regulating the phosphorylation of EGFR, MAPK, and extracellular signal-regulated 
kinase (ERK) in human airway epithelial cells.(220) However, the effect of kaempferol 
controlling ion transport through the EGFR/MAPK signaling pathway remains unknown. 
Therefore, in the present study, the inhibited ISC at a high concentration of kaempferol 
could be because of the activation of different signaling pathways. The net Cl - secretion 
could be due to the counteraction between the inhibitory effect and the stimulatory effect 
of kaempferol on Cl- channels. For this reason, the inhibiting effect of kaempferol may 
have consequences for its therapeutic use and should be studied further. 

As previously mentioned, kaempferol may activate Cl- secretion partially through 
CaCC. Our result demonstrated the kaempferol induced increase in ICl was not affected 
by Ca2+ ionophore, a mobile ion carrier used to increase intracellular Ca2+ levels. This 
finding indicates that the effect of kaempferol may not involve intracellular Ca2+ signaling 
pathway. However, the cellular mechanism by which kaempferol partially modulates Cl - 
secretion via CaCC remains unexplained.  
Flavonoids have been reported to regulate Cl- secretion through the modulation of the 
protein kinase A (PKA) system and the phosphorylation status of CFTR by protein 
kinases and protein phosphatases.(33, 209, 210) In the present result, a protein kinase A 
(PKA) inhibitor (H89) reduced the basal ICl and abolished the kaempferol-increased ICl, 
suggesting that the inhibition of PKA involves a kaempferol response in the T84 cells. 
Meanwhile, the inhibitory effect of H89 on the basal ICl is indicative of reducing Cl- 
secretion via inhibition of PKA activity, as has been observed in decreasing basal ISC by 
H89 in Calu-3  airway epithelial cells.(221) However, the kaempferol-increased ICl was not 
significantly affected in the presence of tyrosine kinase inhibitors tyrphostin A23 and 
AG490. Accordingly, we suggest that tyrosine kinase inhibition is irrelevant to the 
kaempferol-stimulated Cl- secretion. Likewise, the kaempferol response was not 
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inhibited in the presence of a tyrosine phosphatase inhibitor vanadate, suggesting that 
tyrosine dephosphorylation does not mediate the kaempferol effect on Cl- secretion. All 
the current findings in the T84 cells demonstrate that the kaempferol activating Cl - 
secretion via CFTR appears to be mediated by a protein kinase A-dependent 
phosphorylation pathway.  

Kaempferol is a well-known phytoestrogen because of a structure similar to 
estrogen.(222) Kaempferol acts as a potential natural estrogen competitor with its binding 
affinity to estrogen receptor lower than that of natural estrogen. However, the low-affinity 
binding value shows a stable interaction.(223) Since previous studies have demonstrated 
that phytoestrogen genistein increases CFTR expression,(224) thus there is a possibility 
that phytoestrogen kaempferol also increases CFTR expression. In our experiments, we 
tested the effect of kaempferol (50 µM) for 24 h and found that it increased the CFTR 
protein expression in T84 cells. This observation corresponds with studies of other 
flavonoid compounds. For example, treatment with phytoestrogen genistein for 24 h has 
increased CFTR expression in kidney BHK cells.(224) Investigators have indicated that 
genistein regulates the expression of ion transport proteins and estrogen receptors via 
the estrogen receptors (ER)-mediated pathway by binding both ER- and ER- 
subtypes.(225) Therefore, we hypothesized that kaempferol might also up-regulate the 
CFTR protein expression through modulating receptors of estrogen and the ER-
mediated pathway, probably because kaempferol is structurally related to the estrogen. 
Nevertheless, CFTR protein expressions of control and all treatment groups were 
decreased when treatment for 48 h compared to 24 h. Several studies have provided 
important information for this point by investigating the effects of endoplasmic reticulum 
(ER) stress on the synthesis, intracellular processing, and half-life of newly synthesized 
proteins,(226, 227) especially in endogenous CFTR synthesis and processing. They have 
suggested that T84 cells must be grown under optimal conditions for experiments. For 
example, it is essential to change the culture media every day in order to avoid nutrient 
starvation that induces ER stress and reduces CFTR transcription.(226) Thus, our results 
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demonstrating decreased CFTR protein expressions in continuous treatment for 48 h 
may be due to nutrient starvation, which lead to decreased CFTR transcription.  

Kaempferol is frequently taken orally in glycosidic forms with different polarities. 
High-polarity glycosides are poorly absorbed, whereas low-polarity glycosides are 
readily absorbed. In the colon, the normal floras metabolize kaempferol glycoside to 
aglycones, which are subsequently converted to 4 -methyl phenol, 4 -hydroxyphenyl 
acetic acid, and phloroglucinol. Following that, the absorbed part of kaempferol is 
metabolized in the liver into glucuronides and sulfate-conjugates,(167-169) after which it is 
absorbed into the systemic circulation and distributed to various tissues.(170, 171) Previous 
research has found that the 3-glucuronide compound of kaempferol is the most 
abundant component in plasma.(173) Several human studies have revealed that 
kaempferol concentrations in plasma are restricted to nanomolar levels after oral 
ingestion. For example, a study by Radtke investigated a daily intake of 4.7 mg of 
kaempferol and found that they have a plasma kaempferol concentration of 10.7 nM.(228) 
Another study has discovered that ingesting 27 mg of kaempferol daily as tea results in 
a plasma concentration of 52 nM. (174) In addition, researchers also have suggested that 
flavonols are poorly absorbed in the human gut and high concentrations are found in the 
intestinal lumen.(229) For this reason, kaempferol may be appropriate for treatment in the 
intestinal lumen. In the present study, kaempferol administration into both the apical and 
basolateral solution bathing the T84 cell monolayers produced a significant increase in 
the ISC. Kaempferol reached a maximal response within 7-8 minutes after administration, 
suggesting that this compound has immediate action. However, kaempferol added 
apically produced a higher ISC than kaempferol added basolaterally, owing to greater 
accessibility of the compound on the apical side. Therefore, the action of kaempferol on 
Cl- secretion in the intestinal lumen may be applied for therapeutic use. 

The entire findings from our research can be summarized and presented as 
graphical model in figure 58. Kaempferol preferentially acts on the apical membrane of 
T84 cell monolayer to stimulate Cl- secretion. The kaempferol induced Cl- secretion was 
accomplished by activating apical Cl- current mainly through CFTR and partially through 
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CaCC channels as well as activating basolateral K+ current through unidentified K+ 
channels. The activated K+ channels will hyperpolarize the basolateral membrane and 
then sustain an electrochemical driving force for Cl- exit through apical Cl- channels. 
Additional kaempferol effect on stimulation of NKCC helps to promote Cl - loading and 
secretion. The cellular mechanism of kaempferol on stimulating Cl - secretion via CFTR 
appears to involve cAMP-protein kinase A signaling pathway. Additionally, kaempferol 
may exert genetic action on Cl- secretory process by upregulating CFTR gene 
expression, resulting in increased expression of CFTR proteins. Overall, the new 
findings of this study indicate that kaempferol may promote Cl- secretion into the 
intestinal lumen. 

Alterations in ion transport activity and function lead to ion transport-related 
disorders which require medication for treatment.(23, 24) In the elderly, chronic 
constipation results from decreased cAMP-dependent Cl- secretion and reduced non-
goblet cells in colonic crypts which is the site of fluid and anion secretions.(20, 21) 

Furthermore, the decrease in Cl- secretion reported in cystic fibrosis patients is due to 
impairing functional CFTR.(22) It results in a reduction of fluid secretion from the intestinal 
crypts into the intestinal lumen. In contrast, secretory diarrhea has been related to 
enterotoxins from various bacteria that produce the increases in cAMP to activate CFTR 
channels, leading to overstimulation of Cl- secretion.(68) For this reason, kaempferol may 
be used as a pharmacological treatment for constipation by promoting Cl - secretion and 
enhancing CFTR protein expression. In addition, kaempferol may be used as an 
alternative substance to treat cystic fibrosis by stimulating Cl- secretion via CaCC. On 
the other hand, the inhibitory effect of kaempferol on forskolin-stimulated ISC may be 
applied as a pharmacological therapy for secretory diarrhea associated with cAMP-
activated Cl- secretion. 
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Figure  58 The model illustrates the effect and cellular mechanism of kaempferol on T84 
cells. 

Conclusion 
The present study employed the Ussing chamber technique to investigate the 

effect of kaempferol on the ion transport in intact and permeabilized colonic epithelial 
T84 cell by using several pharmacological blockers and anion substitution experiments. 
The cellular mechanism of kaempferol in regulating apical Cl- current was also identified 
using substances or inhibitors involving cAMP, intracellular Ca2+, tyrosine kinase, and 
tyrosine phosphatase signaling pathways. Lastly, the genetic effect of kaempferol on the 
expression of CFTR proteins was examined using a western blot. 
Through the study, the following conclusions can be drawn: 

1. Kaempferol treatment at concentrations of 1, 5, 10, 50, and 100 µM for 24 and 
48 h had no cytotoxic effect on T84 cells.  
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2. Apical and basolateral addition of kaempferol exerted a biphasic short circuit 
current ( ISC)  response. Concentrations of less than 50 µM produced a concentration 
dependent increased ISC whereas high concentration inhibited ISC.  

3. In intact T84 cell monolayers, the increased ISC induced by kaempferol under 
normal condition and anion replacement experiment indicates that kaempferol 
stimulates Cl- secretion without affecting Na+ absorption.  

4. Experiments with amphotericin B-permeabilized monolayer confirmed the 
stimulating effect of kaempferol on Cl- secretion through activating apical Cl- current, 
mainly through CFTR and partially through CaCC, and activating basolateral K+ current.     

5. Kaempferol failed to increase ICl in the presence of cAMP-dependent agonist 
or cAMP analog (8cpt-cAMP). Conversely, pretreatment of kaempferol almost abolished 
the cAMP-activated Cl- secretion. This indicates that kaempferol response may involve 
cAMP-dependent Cl- secretion via CFTR. 

6. Additional data showed that kaempferol modulates Cl- secretion via the cAMP-
protein kinase A signaling pathway but not intracellular Ca2+, tyrosine kinase, and 
tyrosine phosphatase signaling pathways.  

7. Kaempferol 50 µM when treated for 24 h had a genetic effect on upregulating 
the CFTR protein expression.   

Our findings provide functional information of the effect and cellular mechanisms 
of kaempferol on regulating Cl- secretion in the colonic epithelium. The Cl- secretory 
function helps to promote fluid secretion into the intestinal lumen. Overall, kaempferol 
could be used as a pharmacotherapeutic treatment in the gastrointestinal tract by 
boosting mucosal hydration, which is beneficial for treating constipation. 
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