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ABSTRACT 

The small intestine and the liver regulate several physiological functions together including the 

absorption and bioavailability of drugs and bile and nitrogen homeostasis. It is important to study 

these two organs together to gain a holistic understanding of their communication with each other. 

However, there is a lack of culture models that investigate the use of primary cells/tissues from 

the liver and the intestine to study their interaction and importance in manifestation of drug toxicity. 

The studies described in this dissertation were conducted using inverted rat intestinal explants 

obtained from three regions of the jejunum, named as the proximal, medial and distal jejunum. 

Markers of enterocyte, goblet cell and Paneth cell function in the jejunum followed in vivo – like 

spatial trends reported for the entire small intestine. Jejunum explants were integrated with 

hepatocytes to model the intestine-liver axis. Integration of jejunum explants from the proximal 

region with hepatocytes had a beneficial effect on both hepatocyte urea secretion and jejunum 

mucin secretion, hinting at communication between these organs in culture. Integrated cultures 

of the rat jejunum and hepatocytes were used to investigate ethanol toxicity in vitro. Trends in 

activities of enzymes involved in ethanol metabolism and mucus secretion in integrated cultures 

with proximal jejunum explants corroborated with in vivo reports on ethanol toxicity. Various 

metabolites secreted and metabolized in vitro were also identified using mass spectrometry. 

Spatial trends in concentrations of several lipids including bile acids, lysophosphatidylcholines 

and fatty acids corroborated with in vivo reports of lipid metabolism. The integrated intestine-liver 

cultures can be used as a platform for future investigations of drug toxicity, lipid metabolism and 

inter-organ communication.  
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GENERAL AUDIENCE ABSTRACT 

The small intestine and the liver perform several functions together. The small intestine is 

responsible for the digestion of food, absorption of nutrients and metabolism of oral drugs. The 

liver is involved in the metabolism of glucose, protein, lipids and drugs.  It is important to study 

these two organs together to gain a holistic understanding of their communication with each other. 

However, there is a lack of culture models that investigate the use of cells/tissues directly obtained 

from animal liver and intestine to study their interaction and importance in manifestation of drug 

toxicity. The studies described in this dissertation were conducted using tissues obtained from 

three regions of the jejunum segment of the rat small intestine. Functional markers of various cell 

types in the jejunum followed in vivo – like spatial trends reported for the entire small intestine. 

Jejunum tissues were integrated with liver cells to model the intestine-liver axis. Integration of 

jejunum tissues from the proximal region with liver cells had a beneficial effect on both liver and 

intestinal markers, hinting at communication between these organs in culture. Integrated cultures 

of the rat jejunum and liver cells were used to investigate alcohol toxicity in vitro. Trends in 

activities of enzymes involved in alcohol metabolism and mucus secretion in integrated cultures 

with jejunum tissues corroborated with in vivo reports on alcohol toxicity. Various metabolites 

secreted and metabolized in vitro were also identified using mass spectrometry. Spatial trends in 

concentrations of lipids including bile acids, lysophosphatidylcholines and fatty acids within the 

jejunum corroborated with in vivo reports of lipid metabolism. The integrated intestine-liver 

cultures can be used as a platform for future investigations of drug toxicity, lipid metabolism and 

inter-organ communication. 
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Chapter 1: Introduction and Background 

1.1 The Gastrointestinal Tract 

1.1.1 Physiology 

The gastrointestinal (GI) tract is primarily involved in the digestion of food, absorption of nutrients 

and excretion of waste products (1-4). The upper section of the GI tract includes the mouth, 

esophagus, stomach and the small intestine, where food is taken in and digested (Figure 1.1) (2, 

4, 5). The lower GI tract includes the large intestine (colon) (2-4). The small intestine performs 

several functions including digestion, absorption and biotransformation of ingested substances 

(2, 6-8). The large intestine is involved in the reabsorption of water and electrolytes (2-4). The 

small intestine is divided into three segments: duodenum, jejunum and ileum (Figure 1.2) (2, 4, 

9). Several properties of the small and large intestines exhibit spatial variation along their lengths 

(10-13).  

 

Figure 1.1: The gastrointestinal tract. Food ingested through the mouth is transported to the 

stomach through the esophagus. The stomach mixes and digests the food, and further digestion 
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and absorption takes places in the small intestine. The large intestine or colon absorbs water and 

electrolytes before the waste materials are excreted from the body. 

The duodenum is the first part of the small intestine immediately distal to the stomach (2-4). It is 

the shortest segment and helps neutralize the acidic chyme that enters the small intestine from 

the stomach through Brunner’s glands that secrete bicarbonate ions (14-16). It is also involved in 

the breakdown of food received from the stomach through pancreatic enzymes and helps in 

emulsification and absorption of fats through bile (4, 17). The duodenum also expresses phase I 

and phase II drug-metabolizing enzymes (8, 18). The jejunum is involved in the digestion of food 

as well as absorption of nutrients such as sugars, fats and amino acids (4, 19). Moreover, the 

jejunum has the highest abundance of several phase I and phase II drug metabolizing enzymes 

among the three segments (18). The third segment; ileum is involved in absorption of bile salts 

and vitamin B12  (19, 20). It is also characterized by the presence of Peyer’s patches. These are 

lymphoid tissue patches that function as immune sensors in the intestine (2, 6, 21).  

 

Figure 1.2: Segments of the small intestine. Longitudinally, the small intestine is divided into the 

duodenum, the jejunum and the ileum. The duodenum is the segment between the stomach and 

the ligament of Treitz. It is the site of neutralization of acidic chyme and digestion. The jejunum is 

the primary site of digestion, absorption and metabolism. The ileum helps in the absorption of bile 

salts and vitamin B12 as well as the modulation of the intestinal immune response.  

1.1.2 Layers of the small intestine 
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The small intestine is composed of 4 different layers organized radially: mucosa, submucosa, 

muscularis externa and serosa/adventitia (Figure 1.3) (2, 9, 19, 22). The mucosa is the innermost 

layer which encounters the food and other ingested substances in the intestinal lumen (9, 19). 

Therefore, it is the primary layer responsible for absorptive and secretory functions. It also 

metabolizes any orally administered toxicants (1, 9). The submucosa is where blood vessels, 

lymphatic vessels and nerves are located (2, 22). The muscularis externa is composed of two 

layers of smooth muscles. The inner of these layers is the circular smooth muscle layer, followed 

by the outer longitudinal layer (2, 22). The serosa forms the outermost layer and serves as 

connective tissue (2, 22). 

 

Figure 1.3: Layers of the small intestine. Radially, the small intestine has 4 different layers. The 

mucosa is the innermost layer, followed by the submucosa, the muscularis externa and the 

serosa. 

1.1.3 Cell types of the small intestinal mucosa  

The mucosal layer of the small intestine is organized into finger-like projections known as villi and 

invaginations called crypts of Lieberkühn (Figure 1.4) (1, 6, 23). The villi are populated by three 
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cell types: enterocytes, goblet cells and enteroendocrine cells (6, 23). Enterocytes are the 

absorptive cells of the intestinal epithelium, composing 90% of the cell population in the mucosa 

(6, 23, 24). Goblet cells secrete mucins such as Muc2 that form the protective mucus barrier in 

the intestine (6, 23). They compose 8-10% of the mucosal cells (23, 24). Enteroendocrine cells 

compose <1% of the mucosal cells and secrete several digestive hormones including serotonin, 

secretin, glucagon-like peptides 1 and 2 and incretin (6, 23-25). The crypts are populated by 

Paneth cells and stem cells (6, 23).  Paneth cells secrete antimicrobial proteins such as lysozyme 

and cryptdins that protect the mucosa against harmful bacteria (23, 26). Stem cells in the crypts 

periodically renew the mucosal layer (23, 27-29).  

 

Figure 1.4: Schematic showing the different cell types of the intestinal mucosa. Enterocytes, 

goblet cells and enteroendocrine cells are arranged along finger-like projections called the villi. 

Paneth cells and stem cells are located in the invaginations between villi, known as the crypts of 

Lieberkühn. 

1.1.4 In vitro models to study the intestine  

A number of in vitro intestinal models have been developed to study development, metabolism 

and toxicity (30-32). Some of the commonly used models have been described below.  
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1.1.4.1 Immortalized Cell Lines 

Immortalized or cancerous cell lines are commonly used to model the intestine in vitro (33-37). 

Cell lines such as Caco-2 have been widely used to model enterocytes, while HT-29 cells have 

been used to model goblet cells (36, 37). Both Caco-2 and HT-29 cells are derived from human 

colon carcinoma (33, 38, 39). While such cell lines are easy to work with, they lack crucial 

physiologic similarities (33, 35, 40). For example, Caco-2 monolayers exhibit over 100-fold lower 

permeability than the human small intestine in vivo (35, 41). Moreover, the expression levels of 

several phase I and phase II enzymes in these cell lines are much lower than in vivo levels (33, 

35, 41). Co-culture models of Caco-2 and HT-29 cells have been studied to more accurately mimic 

the in vivo physiology with presence of both enterocytes and goblet cells and a mucus layer (34, 

37). However, these models still lack several of the other important cell types of the intestinal 

epithelium. 

1.1.4.2 Intestinal Organoids  

Recently, organoids developed from intestinal stem cells or crypts cultured in Matrigel™ or similar 

matrices have gained widespread attention primarily because all cell types of the intestinal 

epithelium can be achieved in culture (42-51). Intestinal organoids have been used for several 

applications such as studying and designing treatments for cystic fibrosis, cancers and infections 

of the GI tract (45, 46, 52-54). However, since the organoids lack an epithelial monolayer for 

exposure, they cannot be used for studies on transport and absorption of drugs (40, 55). 

Moreover, intestinal organoid cultures involve complex and time - and cost - intensive protocols 

to develop mature epithelial cells, posing another challenge (40, 55).   

1.1.4.3 Explants and Everted gut sacs  

Intestinal tissue explants have been used as another model of in vitro culture of the intestine. 

Traditionally, everted intestinal sacs have been used for short term studies on transport, 
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absorption and metabolism of drugs and nutrients (56-58). In this system, a segment of the 

intestine is inverted inside out such that the mucosal layer is exposed to the outside environment 

(56, 59). Transport studies are then conducted by filling the segment with a buffer and tying it at 

the ends (56-58).  

Compared to everted sacs, traditional explants have been cultured for longer periods of time (60-

63). For example, reported culture times of explants from the small and large intestines vary 

between a few days to several weeks (60-64). These explants have either been isolated as full 

thickness explants (mucosa to serosa) (64), mucosal layers (65, 66) or biopsies (60, 61, 67, 68).   

Precision cut intestinal slices (PCIS) constitute another type of explants that are 300-400 μm thick 

intestinal tissue slices (69-72). The slices are obtained by sectioning intestinal tissues filled with 

and embedded in agarose (73). PCIS have been used to study drug metabolism and toxicity, as 

well as diseases such as intestinal fibrosis (69-72, 74).  

Explant-based cultures contain all cell types and layers of the intestine, which makes the 

investigation of the functions of different cell types possible (75, 76). Moreover, the epithelial layer 

can be used to investigate drug metabolism in the intestine. The disadvantage to this culture 

technique is that the explants are not viable for long culture times (75, 77). For example, adult rat 

jejunum explants are difficult to culture after 24h (62). Moreover, explant cultures of the intestine 

can be inconsistent, which can prove difficult for in vitro studies (76, 77). A potential reason for 

this variability in culture could be the location-dependent variations in functional markers of the 

small intestine (78). The second research aim discussed in this document later attempts to 

address this issue.  

1.2 The Liver  

1.2.1 Physiology  
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The liver is the largest solid organ in the body and is involved in several crucial physiological 

functions (2, 79). It plays a crucial role in metabolism of carbohydrates, lipids and vitamins, 

synthesis of proteins, cholesterol and bile, and biotransformation of xenobiotics (2, 79, 80). The 

biotransformation of xenobiotics takes place through phase I and phase II enzymes (80, 81). 

Phase I reactions such as oxidation and reduction primarily involve cytochrome P450 (CYP) 

enzymes (80-82). Phase II reactions are conjugation reactions that primarily involve 

glucuronidation, sulfation, acetylation or methylation of the xenobiotics (80, 82).  

1.2.2 Cell types of the liver  

The liver is composed of hepatocytes that are the parenchymal cells, and non-parenchymal cells 

(NPCs) that include the liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs) 

and Kupffer cells (KCs) (79, 82-84). Hepatocytes are involved in most of the liver functions and 

are organized along blood capillaries known as sinusoids (79, 81, 83-86). Hepatocytes and the 

liver NPCs are separated from each other by a proteinaceous interface called the Space of Disse 

(79, 87, 88). This interface primarily contains fibronectin and collagen types I and III and helps in 

transport of nutrients between the sinusoids and the hepatocytes (79, 82, 84). 

LSECs are permeable endothelial cells that form the lining of the sinusoid that help in transfer of 

nutrients from the blood to the hepatocytes (2). KCs are the resident liver macrophages that are 

located in the sinusoids (79, 81-84, 86). HSCs, found in the Space of Disse, are involved in 

storage of vitamin A and lipids in a healthy liver (79, 84).  

1.2.3 In vitro models to study the liver  

Several 2D and 3D in vitro models have been developed to study the liver. Many liver studies 

incorporate immortalized and cancerous cell lines such as HepG2, HepaRG and Huh7 cells (83, 

84). The following sections focus on some of the primary cultures used to model the liver. 

1.2.3.1 2D Models of the Liver 
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Hepatocytes have been cultured as monolayers on substrates such as collagen (Figure 1.5A) 

(89, 90). However, these monolayers lose hepatocyte phenotype within 24-72h of seeding (89, 

91). Reduction in levels of biotransformation enzymes such as CYPs makes these monolayers 

less sensitive to xenobiotics compared to in vivo (92-95). Collagen sandwich (CS) models (Figure 

1.5B) are formed by culturing hepatocytes between two layers of collagen. These culture models 

help in inducing polarity in hepatocytes and have been shown to maintain expression of CYP 

enzymes (96-103). However, CS models also lack heterotypic cell interactions due to presence 

of only one cell type of the liver. To overcome this limitation, 2D models incorporating secondary 

cell types such as NPCs, fibroblasts or other cell types with hepatocytes have been developed 

(104-106).  

 

Figure 1.5: Some commonly used 2D in vitro models of the liver. (A) Hepatocyte monolayer, and 

(B) Collagen sandwich cultures. Hepatocyte monolayers are typically cultured on a layer of 

collagen gel, while hepatocytes in collagen sandwich cultures are seeded on a layer of collagen 

and allowed to adhere, after which another collagen gel is cast on the top. 

1.2.3.2 3D Models of the Liver 

3D in vitro models of the liver attempt to recapitulate its complex microarchitecture and multiple 

cell types. Such models maintain both hepatocyte phenotype and the expression levels of 

biotransformation enzymes (83, 84). In addition to maintaining hepatocyte tight junctions and 
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polarity, these models also attempt to emulate the extracellular matrix composition and dynamic 

flow that is observed in vivo (79-86, 104, 107).  

1.3 The Intestine-Liver Axis 

1.3.1 Holistic understanding of the intestine-liver axis  

The intestine and the liver together regulate several physiological functions including bile acid 

homeostasis, nitrogen cycling through the urea cycle, glucose homeostasis, inflammation and 

drug metabolism (108-111). The intestine-liver crosstalk in drug metabolism has been described 

below to highlight the importance of studying these two organs together. 

The intestine and the liver are the primary organs responsible for metabolism of orally 

administered drugs and chemicals (23, 112). In the body, the first line of defense against orally 

ingested chemicals is the intestine, where they are first metabolized and absorbed (23, 113). If 

the chemicals and/or their metabolites are toxic to the intestine, signs of damage will be seen in 

the layers of the GI tract (113-115). Substances absorbed by the small intestine are absorbed into 

the blood stream and transported to the liver through the portal vein (Figure 1.6) (2, 108). In the 

liver, phase I and II biotransformation enzymes involved in nutrient and xenobiotic metabolism 

process these substances further (108, 116). After metabolism by the liver, chemicals and their 

metabolites can be excreted through the kidneys and a fraction of these metabolites is sent back 

to the intestine through the bile duct (108, 117). This process is known as enterohepatic circulation 

(Figure 1.6) (118, 119).   
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Figure 1.6: Enterohepatic circulation. Nutrients and metabolites absorbed by the small intestine 

are transported to the liver through the portal vein. The liver metabolizes the absorbed 

substances further and a fraction of the metabolites is sent back to the small intestine through the 

common bile duct. 

1.3.2 Integrated in vitro gut-liver models 

Given the host of functions that these two organs regulate together in the body, it is important to 

study their interaction and communication. In vitro models provide the opportunity to isolate this 

connection and study interorgan effects. Some of the models that have been developed to this 

end have been described below.  

1.3.2.1 Integrated models with cell lines 

One of the first integrated in vitro models of the gut and the liver utilized HepG2 cells to model 

hepatocytes in the liver, and Caco-2 cells as intestinal enterocytes (120). In this static model, 

Caco-2 cells were cultured on the apical side of a Transwell® membrane, while HepG2 cells were 

cultured in the basal chamber. The system was used to study toxicity of benzo[α]pyrene (a 
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carcinogen that has been detected in food products) and showed increased sensitivity to the 

toxicant.  

Numerous microfluidic gut-liver on a chip models have also been established to mimic the gut-

liver axis (63, 120-126). These models incorporate dynamic flow to mimic the in vivo environment. 

Co-culture models of both the intestine and the liver have also been used in a microfluidic gut-

liver on a chip system. For example, Mahler et al incorporated a co-culture of Caco-2/HT29-MTX 

cells to model the intestine and HepG2/C3A cells to model the liver in a microfluidic chip (125). 

Such static and microfluidic culture systems have been used to investigate drug absorption, 

metabolism and toxicity (122, 127).  

1.3.2.2 Integrated model with primary tissues  

Despite the presence of these few in vitro models of the gut-liver axis, there is only one study so 

far that has described the use of primary gut and primary liver tissues to emulate their interorgan 

communication (128). This study utilized precision-cut liver slices (PCLS) and PCIS from rats and 

connected them in a microfluidic environment/chamber (128). Culture medium was transferred 

from the PCIS chamber to the PCLS chamber to mimic in vivo physiology. The time points 

explored in this study were limited to 3-7 h after integration to investigate changes in morphology, 

induction of phase I and phase II enzymes, and bile acid homeostasis. Chapter 4 of this document 

presents a new primary integrated model of the gut and the liver and explores its application in 

studying ethanol toxicity in vitro. 

1.4 Ethanol Toxicity  

Ethanol-induced toxicity is responsible for 1 in 3 liver transplants in the US alone (129). Moreover, 

ethanol is responsible for over 48% of all liver disease related deaths (130). Alcohol toxicity is 

implicated in several liver and gut diseases (131, 132). In the intestine, ethanol can lead to a leaky 

gut barrier, bacterial overgrowth and translocation of bacteria and their metabolites to the liver 
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(131, 133-135). In the liver, ethanol can cause alcoholic hepatitis, fatty liver and alcoholic cirrhosis 

(132, 136, 137).   

Ethanol metabolism primarily takes place through three different oxidative pathways in the body, 

all of which lead to formation of the toxic carcinogenic metabolite acetaldehyde (Figure 1.7) (138-

143). Around 90% of ethanol is metabolized through the alcohol dehydrogenase pathway (144, 

145). The microsomal ethanol-metabolizing system that involves CYP2E1-mediated reaction 

accounts for less than 10% of ethanol metabolism under normal conditions, but this pathway gets 

activated under high concentrations of ethanol (144, 145). Metabolism through the catalase 

pathway occurs in peroxisomes (142, 145). It is a minor contributor under normal conditions but 

becomes important in starved conditions (143, 145). The product of metabolism of ethanol 

through these pathways is the toxic compound acetaldehyde, which can be metabolized further 

to acetic acid through aldehyde dehydrogenase (ALDH) (144, 145). Acetaldehyde can bind to 

proteins and form adducts, leading to cell damage (146-148). Acetate, on the other hand, is rapidly 

converted to carbon dioxide and water by incorporation into the Krebs cycle through acetyl-CoA 

formation (144, 145).  

Even though the liver is the primary site of ethanol metabolism in the body, ethanol metabolizing 

enzymes are expressed in the intestine as well (149, 150). In the intestine, the damaging effects 

of ethanol due to availability in the lumen after consumption are most expected in the duodenum 

and the jejunum due to its rapid absorption along the length of the GI tract (150). Effects of acute 

ethanol consumption on the intestine include inhibition of transport of nutrients across the 

mucosa, lesions in the mucosa and damage to villi (142, 150-153). Such observations make 

ethanol an apt toxicant to investigate toxicity in an integrated gut-liver model.  
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Figure 1.7: Primary pathways involved in ethanol metabolism. The ADH pathway contributes to 

more than 90% of ethanol metabolism under normal conditions while the CYP2E1 and catalase 

pathways metabolize the remaining 10% EtOH. In the cells, the ADH, CYP2E1 and catalase 

pathways are localized in the cytosol, the microsomes and the peroxisomes, respectively. All 

three pathways lead to formation of the toxic metabolite acetaldehyde, which can be further 

metabolized into acetic acid by ALDH in the mitochondria (138-143). 

1.5 Liquid Chromatography – Mass Spectrometry (LCMS) 

Mass spectrometric (MS) techniques have been extensively used for investigating the metabolites 

secreted by various cells and tissues (154-156). LCMS analyses have been utilized to investigate 

a wide range of physiological phenomena including disease pathologies as well as drug 

metabolism by the liver, intestine, and the intestinal microbiota (155, 157-163). In the 

investigations of the small intestine, LCMS has been also been widely used to study the 

metabolism of amino acids and lipids including bile acids and fatty acids (164-166).  

Most of the in vivo studies on intestinal metabolites have focused on the gut microbiome (162, 

167, 168). Chen et al (162) and Vernocchi et al (167) described the importance of metabolomics 
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studies in understanding host-microbiota interactions in the intestine. In vivo gut metabolomics 

studies have commonly been conducted on fecal samples or intestinal contents, intestinal tissues 

or urine or blood samples from animals in both targeted and untargeted manner (165, 168-170). 

Targeted analyses are performed when a known set of compounds is being investigated, while 

untargeted analyses are used when it is not known which metabolites are going to affected in an 

experiment (171). Mass spectrometric analyses of metabolites in in vitro intestinal cultures have 

focused on identification of metabolites of a drug or toxicant administered to Caco-2 cells (172, 

173). Similar studies on intestinal drug metabolism using LCMS have been conducted using other 

in vitro systems such as primary enterocytes or intestinal contents (174). 

Intestinal lipidomics is a growing field of interest due to the diverse roles of lipid biomarkers in 

investigating the intestine in health and disease (175-177). Lipid composition of the intestine is 

affected by several factors such as location, number and species of bacteria present and 

pathological conditions (178-180). Several techniques have been developed to study biological 

lipids (181, 182). These include gas chromatography (GC), nuclear magnetic resonance (NMR), 

enzyme-linked immunosorbent assays (ELISAs) and MS (181, 182). GC requires additional 

processing of samples to improve the volatility of the samples being analyzed as well as higher 

amounts of the analytes, while NMR has 10-100-fold lower sensitivity compared to MS (181, 182). 

While ELISAs are less expensive and time-consuming, they have lower sensitivity (20-200-fold) 

and require prior knowledge of lipid identity before the analysis can be conducted (181, 183-185). 

Therefore, the technique that has gained the most importance in the field of lipid analysis is MS 

(181). The reasons for increased reliance on this method are its high sensitivity and sensitivity 

coupled with high accuracy and the possibility of high throughput analyses of the lipidome (181, 

182, 186). In Chapter 5 of this dissertation, LCMS has been applied to investigate lipophilic 

metabolites such as bile acids, lysophosphatidylcholines (LPCs) and fatty acids (FAs) secreted 

or metabolized by the intestinal explants and hepatocytes in vitro.  
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1.6 Gut Microbiome 

The human body is home to numerous commensal bacteria. The number of bacteria hosted by 

the human body has been estimated in different ways in the past few decades (187-189). Most 

recently, the ratio of number of bacteria to number of human cells in an average human has been 

recently approximated to be 1.3 (188). The GI lower tract, particularly the colon, houses most of 

these bacteria. The gut bacteria are increasingly being considered as an ‘organ’ because of the 

host of functions they perform in the mammalian body such as nutrient metabolism, vitamin 

synthesis, bile acid homeostasis and even drug metabolism (190-193). On the other hand, 

changes in the gut microbiota are also linked to pathologies such as inflammatory bowel diseases, 

irritable bowel syndrome, colon cancer, non-alcoholic steatohepatitis and liver fibrosis (194-196). 

The number and diversity of gut bacteria changes along the length of the GI tract owing to vast 

differences in the physicochemical conditions in different regions, such as pH, oxygen 

concentration, immune response and intestinal flow rate (197, 198). For example, gut bacterial 

diversity changes from aerobic to facultatively anaerobic to obligatorily anaerobic along the length 

of the rat GI tract due to an oxygen gradient (198). In gut microbial diversity assessed using rat 

feces, it was found that 65% of the bacteria were gram positive and 35% were gram negative 

(199).  However, the diversity of gut microbiota also increases along the length of the intestine in 

vivo (198). Lactate producing bacteria such as Lactobacillus and Turicibacter are predominant in 

the upper GI tract of rats (198-201). The gut microbiota affects intestinal properties in numerous 

ways. For example, in germ-free mice, as compared with conventionally raised mice, villi in the 

distal small intestine are longer and thinner, the crypt depth is lower with fewer proliferating stem 

cells and goblet cells are fewer in number (202, 203).  

The effects of antibiotics on the gut microbial diversity have been studied in vivo. Treatment of 

rats with a broad-spectrum antibiotic cocktail containing vancomycin and imipenem led to 
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significant loss in Firmicutes and Bacteroidetes, while Proteobacteria and Tenericutes increased 

significantly due to loss of competition from the other two groups (201). Ethanol is also known to 

cause changes in the gut microbiome (131, 204). In human jejunum, ethanol consumption was 

reported to lead to an increase in the number of gram negative bacteria (205). 

1.7 The Enteric Nervous System 

The small intestine is also characterized by the presence of the enteric nervous system (ENS), 

which forms the largest part of the peripheral nervous system in the body (206). The ENS 

communicates with the central nervous system and controls gut motility and transit of food along 

the GI tract through its actions on the muscles of the muscularis externa (207). Cells of the enteric 

nervous system are present in the submucosa (submucosal plexus) as well as between the 

longitudinal and circular smooth muscle layers in the muscularis externa (myenteric plexus) (207, 

208).  

The ENS cell types include both enteric neurons and glial cells (206, 208). The neurons of the 

ENS express numerous stimuli-responsive receptors (208). The stimuli include luminal properties 

such as nutrient concentrations and pH, as well as mechanical properties of the intestinal mucosa 

(207, 208). Moreover, enteric neurons express receptors such as the Toll-like receptors which are 

capable of responding to bacterial metabolites directly (206). Myenteric neurons have also been 

shown to respond to ethanol toxicity in a location-dependent manner in the intestine (209). 

Neurotransmitters such as nitric oxide, dopamine, serotonin, acetylcholine and epinephrine are 

known to be important in maintaining gut homeostasis (210). For example, acetycholine-mediated 

activation of the acetylcholine receptor can lead to release of mucins and antimicrobial peptides 

from goblet cells and Paneth cells, respectively (208, 211). In addition to neurons, the enteric glial 

cells are also responsive to inflammatory stimuli in the intestine and their growth can be regulated 

by the gut microbiota (206). 



17 
 

1.8 Research Aims  

The scientific objectives of my doctoral research are:  

Research objective 1: Develop an explant culture protocol to enable investigations of the 

intestine both alone and in conjunction with hepatocytes. 

Research objective 2: Study the variation in properties along the length of the jejunum in vitro.  

Research objective 3: Investigate the effects of ethanol toxicity in an integrated jejunum-liver 

model in vitro.  

Research objective 4: Investigate differences in intestinal metabolites in rat jejunum alone and 

integrated cultures as a function of location and time.   
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Chapter 2: Isolating Rat Intestinal Explants for In Vitro 

Cultures  

NOTE: This chapter was published in the journal Current Protocols in Toxicology (Wiley) in May 

2019: Kothari, A., & Rajagopalan, P. (2019). Isolating Rat Intestinal Explants for In Vitro 

Cultures. Current protocols in toxicology, e79, doi: 10.1002/cptx.79. The article is 

copyrighted by John Wiley & Sons, Inc (© 2019 John Wiley & Sons, Inc.). It has been reproduced 

in this dissertation with permission from John Wiley & Sons, Inc.  

2.1 Abstract 

The small intestine is an important organ primarily involved in digestion of food and absorption of 

nutrients. In vitro intestinal models are being developed to study this organ in health and disease.  

Intestinal explants can be used in such investigations since they contain all the major intestinal 

cell types. We report a detailed procedure to isolate intestinal explants from the rat jejunum. We 

also report a protocol for culturing them in vitro for up to 24h.  

Keywords 

Small intestine, Explant culture, In vitro, Inverted    

Significance Statement 

The protocol described here enables the inversion of intestinal explants prior to culture.  By 

inverting the intestinal explant the mucosal regions are exposed to the culture medium and any 

drugs or chemicals that may be tested. The method to culture explants described in this report 

has potential applications in toxicology and drug metabolism studies. 
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2.2 Introduction  

The small intestine is involved in several functions including digestion, absorption, secretion and 

biotransformation (2, 6-8). Longitudinally, it is segregated into the duodenum, the jejunum and 

the ileum (2, 4, 212). Radially, it is organized into four different tissue layers: mucosa, submucosa, 

muscularis externa and serosa/adventitia (2, 22, 212, 213). The mucosa is the most important 

layer for absorption, secretion and defense against orally ingested xenobiotics as it is exposed to 

food and other substances in the intestinal lumen (1, 212, 213).  

Small intestinal physiology has been modelled in vitro following various approaches. While 

immortalized cell lines such as Caco-2 cells have been in use as the gold standard, organoids 

developed from stem cells are being explored for research in intestinal development and disease 

(33-36, 42-48, 50-54, 214, 215).  

Intestinal explants are used to model different sections of the small intestine (60-62, 67, 68). Full 

thickness explants include all four layers of the intestine, thus closely mimicking the in vivo 

physiology of the intestine (76, 216) (62). We report a detailed procedure to isolate intestinal 

explants from the rat jejunum. We also report a protocol for culturing them in vitro. 

2.3 Basic Protocol 1: Isolation of jejunum explants from a rat small 

intestine 

This protocol describes the surgical excision of the small intestine from adult rats, followed by 

isolation of intestinal explants.  

2.3.1 Materials 

Oxygenated intestinal medium (see Reagents and Solutions) 

Small intestine excised from a rat  

Silk sutures (Covidien Sofsilk™; Thermo Fisher Scientific Cat. No. 50-676-26) 
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Surgical scissors (Thermo Fisher Scientific Cat. No. 08-940) 

Tweezers (Thermo Fisher Scientific Cat. No. 13-812-36) 

Hemostat (Thermo Fisher Scientific Cat. No. 13-812-8) 

Petri dishes (Thermo Fisher Scientific Cat. No. FB0875713) 

Tape measure / ruler  

Stainless steel rod (custom-prepared), 25 cm in length and 3.3 mm in diameter. At 6.4 mm from 

one end of the rod, a groove of diameter 1.5 mm and length 6.4 mm should be machined at the 

university/department machine shop.  

Polydimethylsiloxane (PDMS)-coated tweezers. These can be prepared by following the PDMS 

curing protocol in Support Protocol 1.  

Millicell® hanging cell culture inserts (EMD Millipore Cat. No. MCSP12H48) with two diametrically 

opposite holes of diameter 4 mm drilled at a height of 5 mm above the polyethylene terephthalate 

(PET) membrane of the inserts.  

37°C water bath 

37°C, 10 % sterile incubator  

 

NOTE: Please ensure that all animal protocols are approved by an Institutional Animal Care and 

Use Committee (IACUC).  

NOTE: Store the intestine excised from the rat in ~ 40mL ice-cold oxygenated intestinal medium 

(see recipe) supplemented with 50 μg/mL gentamicin in a 50 mL centrifuge tube. Place the 

centrifuge tube with the intestine on ice.  

NOTE: Steps of explant isolation should be performed as promptly as possible to ensure tissue 

viability and function. 

2.3.2 Identifying and separating different segments of the intestine  
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1. Transfer the small intestine and media from the centrifuge tube to a dish placed in ice in a 

biosafety cabinet.  

2. Separate the duodenum from the rest of the intestine at the ligament of Treitz (Figure 2.1A-

B).  

3. Remove the first 2 cm length of the remaining intestinal segment to prevent working with 

explants obtained from the duodenum-jejunum transitional region.  

4. Find the transition region between the jejunum and the ileum and cut the intestine 

appropriately at a location where there is a clear increase in diameter and the amount of 

mesenchyme around the intestinal serosa (Figure 2.1A).  

5. Remove 2 cm length of the intestine after this to avoid excising explants from the transition 

region between the jejunum and ileum (Figure 2.1A).  

6. Measure and record the lengths of the duodenum, jejunum and ileum (Figure 2.1A). 

 

Figure 2.1: (A) A schematic representation of the small intestine. The small intestine is divided 

into three segments: the duodenum, the jejunum and the ileum. The duodenum ends at the 
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ligament of Treitz. The beginning of the ileum is determined through an increase in the diameter of 

the intestine. (B) An image of the ligament of Treitz in a rat intestine, showing the separation 

between the duodenum and the jejunum. 

2.3.3 Inverting the intestinal segments 

7. Pull the intestinal segment up on the grooved metallic rod and tie it at the groove with a suture 

(Figure 2.2A - B).  

The purpose of the groove is to help tie the suture and prevent slippage of the intestine during 

the inversion process.  

If using the intestinal segment is filled with chyme, it is advisable to rinse the chyme out using 

antibiotic-containing media before step 7.  

8. Rinse the intestinal segment 3 times with 5 mL gentamicin-supplemented intestinal medium.  

9. Invert the intestinal segment carefully using a pair of PDMS-coated tweezers by slowly 

coaxing the intestinal segment downwards along the metal rod (Figure 2.2C - D).  

Coating the tweezers with PDMS provides a material softer than metal for inverting the 

intestine and prevents damage to the segment.   

10. Rinse the inverted intestinal segment 3 times with 5 mL gentamicin-supplemented intestinal 

medium.  

11. Cut the inverted intestinal segment at the end of the metallic rod and store it in ice-cold 

intestinal medium in a petri dish on ice until the next step. 

It is crucial that the proximal and distal ends of the inverted segment be identified as such 

when placing it in the petri dish.  
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Figure 2.2: Procedure for obtaining and culturing explants from a rat jejunum. (A) The intestinal 

segment is pulled up on a grooved metallic rod and (B) tied at the groove with a suture. (C - D) The 

intestinal segment is inverted using a pair of PDMS-coated tweezers by coaxing the intestinal 

segment in the downward direction. (E) The inverted jejunum is pulled up on a PDMS rod and cut 

to obtain explants of length ~10mm. (F) The PDMS rod with the explant is transferred and fit into 

two diametrically opposite holes drilled through a cell culture insert. 

2.3.4 Culturing jejunum explants 

12. Place a 1.4 cm long Matrigel™ coated PDMS rod on a 10mL syringe needle (Figure 2.2E). 

13. Pull the inverted intestinal tube on the PDMS rod and snip it off at a length of ~10mm (Figure 

2.2E). 

NOTE: Before this step, it is advisable to remove the first ~ 5 mm length of the tissue since 

this is the most prone to damage during the inversion process.  

NOTE: Be careful not to cause the explant to slip off the PDMS rod when cutting the intestinal 

segment.  

14. Adjust the position of the explant to the middle of the PDMS rod and gently slide the PDMS 

rod through the two diametrically opposite holes in the Millicell® hanging cell culture inserts. 

15. Transfer the cell culture inserts to a 12-well plate pre-coated with collagen gels (see Support 

Protocol 2). 
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16. Add 3 mL oxygenated intestinal medium to cover the whole surface of the explant in the well 

(Figure 2F).  

NOTE: Check for any signs of degradation of the isolated explants such as shedding of visible 

cell sheets.  

17. Once all the explants are isolated, incubate the plate at 37°C in a humidified incubator with 

10 % CO2. 

NOTE: Culture medium may be changed once around 3-4h after isolation to ensure that any 

proteins/cells leaking from the explant-associated vasculature are removed. Any subsequent 

media changes will depend on the timeline of the experiments being conducted.  

NOTE: The explants can be cultured for at least 24h after isolation.  

NOTE: Explants should be used immediately after isolation and not frozen for later use.  

2.4 Support Protocol 1: Preparation of Matrigel™ – coated PDMS rods 

This protocol describes preparation of PDMS rods required to culture the intestinal explants in 

the basic protocol.  

2.4.1 Materials 

Sylgard 184 Silicone Elastomer Kit (Thermo Fisher Scientific Cat. No. NC9285739) 

Polypropylene straws (4 mm inner diameter) 

Vacuum oven (Isotemp Model 281A, Thermo Fisher Scientific Cat. No. 13-262-51) 

Matrigel™ (Corning Cat. No. 354234)  

 

2.4.2 Protocol 

1. Mix 10 parts by weight of PDMS solution (base) with 1 part by weight of hardening solution 

(curing agent). Mix manually.  

NOTE: 15 g total solution is enough for 4 straws (each of inner diameter 4 mm, length 15 cm). 
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2. Incubate the PDMS filled straws in the vacuum oven for 30 min under -12.5 inch Hg vacuum 

pressure.  

NOTE: This step is necessary to get rid of any air bubbles trapped in the PDMS solution 

after the manual mixing step.  

3. After 30 min, purge the vacuum and turn on the heat (100°C) and let the straws incubate for 

2 h to cure the PDMS.  

4. Take the straws out of the vacuum oven and cut open the straws carefully along the length 

using a razor blade, trying not to cut through the PDMS.   

5. Cut the PDMS rod into smaller 1.4 cm long segments.  

NOTE: Typically, ~25-30 such tubes can be obtained from 4 straws of 15 cm length.  

6. Rinse the PDMS rods in deionized water to remove any debris.  

7. Sterilize the PDMS rods in UV light for at least an hour.  

8. These rods should be coated with Matrigel™ and hydrated in intestinal medium overnight a 

day before rat surgery.  

9. Place 1 mL of the Matrigel™ solution in a sterile 1.5 mL tube. 

10. Dip the sterile PDMS rods into the Matrigel™ solution in the 1.5 mL microcentrifuge tube 

one at a time.  

NOTE: Maintain the Matrigel™ in ice throughout the coating process to avoid its gelation.  

11. Place the Matrigel™ coated rods in the drilled Millicell® hanging culture inserts.  

NOTE: Cell culture inserts must be washed with deionized water to remove any debris from 

the drilling process and then UV-sterilized for at least an hour, prior to this step. 

12. Transfer the inserts to a 12-well plate coated with collagen (See Support Protocol 2) and 

incubate at 37°C (sterile incubator) for 30 min.  

13. Hydrate the PDMS rods and cell culture inserts in intestinal media overnight.    

2.5 Support Protocol 2: Preparation of Collagen Gels 
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This protocol describes the coating of 12-well plates with collagen gels before explant culture.  

NOTE: Collagen gels should be made the day prior to the rat surgery for explant isolation and 

culture. 

2.5.1 Materials 

10X DMEM (see Recipe) 

Collagen type I solution – concentration ≤ 3.5 mg/mL, pH ~ 3.1 

 Can be extracted from rat tail tendons or purchased from a commercial source 

1 mM hydrochloric acid (HCl) (diluted from 6M HCl, Thermo Fisher Scientific Cat. No. SA56) 

2.5.2 Protocol 

1. Add 1-part (by volume) 10x DMEM to 9 parts (by volume) 1.1 mg/mL collagen to prepare the 

collagen gels.  Adjust the pH of the solution to ~7.0-7.3 using 1 mM HCl. 

2. Place 0.5 mL of this collagen gel into each well of a 12-well plate to ensure full coverage of 

the surface. 

3. Incubate the plate(s) at 37°C for at least 45 min. 

4. Hydrate collagen gels with 1 mL intestinal media overnight. 

5. Place the plate(s) back in the incubator until explant isolation. 

2.6 Reagents and Solutions 

Culture medium for intestinal explants  

Materials 

Dulbecco’s Modified Eagle Medium 10X powder (DMEM) (Gibco Cat. No. 12100046) 

Sodium Bicarbonate (NaHCO3) (Thermo Fisher Scientific Cat. No. AC424270010) 

Fetal Bovine Serum (FBS) (Gibco Cat. No. 16000044) 

Penicillin-Streptomycin (Gibco Cat. No. 15140-122) 

Porcine Insulin (MP Biomedicals Cat. No. 0215504450) 
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Epidermal Growth Factor (EGF) (Thermo Fisher Scientific Cat. No. 354001) 

Glucagon (Sigma Aldrich Cat. No. G3157) 

Hydrocortisone (hydrocortisone 21-hemisuccinate sodium) (Sigma Aldrich Cat. No. H4881) 

0.22 μm filters (VWR Cat. No. 73520998) 

Preparation of Intestinal Media 

1. Add 1 packet of powdered DMEM and NaHCO3 (3.7 g/L) to 1 L deionized water. 

NOTE: Liquid DMEM may be used as an alternative.  

2. Bubble the media with oxygen gas at 45 min per liter of media. 

NOTE: Intestinal media must be freshly oxygenated during culture. Perform the oxygenation 

before adding any supplements to the culture to prevent foaming.  

3. Adjust the pH of the culture media to 7.2 – 7.3.  

4. Add supplements to media in the appropriate concentration as listed in Table 1.  

5. Mix thoroughly and filter through 0.22 μm filter to sterilize the culture media. 

Store at 4°C until further use. Prepare freshly oxygenated media every 24h.  

Table 2.1: Intestinal media supplements 

Name Final Concentration 

DMEM solution - 

NaHCO3 0.37 % (w/v) 

FBS (Heat Inactivated) 10 % (v/v) 

Penicillin (Pen)- Streptomycin (Strep) 
200 U/mL Pen 

200 μg/mL Strep 

Gentamicin 50 μg/mL 

Insulin 0.5 U/mL 

Epidermal Growth Factor (EGF) 20 ng/mL 

Glucagon 14.28 ng/mL 

Hydrocortisone 1.65 μg/mL 
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DMEM (10X) solution for collagen gels  

1. Add 100 mL of deionized water to a beaker or a glass bottle. 

2. Pour 1 pack of powdered DMEM powder to the water and stir using a stir bar on a stir plate. 

3. Add 3.7 g of sodium bicarbonate to the DMEM solution prepared in step 2.  

4. Keep stirring the solution on the plate for at least 20 min. 

5. Adjust the pH to ~7.0-7.1. 

6. Filter through a 0.22 μm filter to sterilize the solution and store at 4°C until further use.  

Store for 1 week at 4°C. It is important to check that the DMEM (10X) has not precipitated in 

the bottle before each use.  

2.7 Commentary 

2.7.1 Background information  

Wilson et al (59) first described the method of everting an intestinal segment to overcome the 

problem of insufficient oxygenation of the mucosal surface. The eversion method involved 

inserting a glass rod into one end of the intestinal lumen and tying a silk suture around the end. 

This was followed by pushing the glass rod further into the lumen until the intestine was turned 

inside out. The everted intestinal segment was filled with a buffer and tied at both ends. Fluid-

filled everted sacs were then used to study absorption and transport of methionine, glucose and 

oxygen from the mucosal side to the serosal side of the explant in 1h.   

Nik et al (217) described a method to turn the intestine inside out which was slightly different from 

the ‘eversion’ technique used to obtain gut sacs. They called the method ‘inversion’ of the 

intestine. In this method, plastic or a stainless steel rod with a hook/groove was inserted into the 

lumen of 4-5 cm long intestinal segments. A suture was tied around the groove, and the rod was 

pulled upward until the segment was inverted. The inversion method described in our protocol is 

an adaptation of this method. In the study by Nik et al (217), inverted segments were inflated and 
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deflated with BD Cell Recovery Solution to dissolve the basement membrane. Epithelial sheets 

with intact crypts and villi were released as a result of this process. However, these sheets were 

further dissociated to obtain primary cells of the intestinal epithelium and not cultured intact.    

The primary advantage of explant-based cultures is the presence of all cell types as well as layers 

of the intestine (76, 216). Moreover, the epithelial layer is available for drug metabolism and 

transport studies. However, explants cultured in this manner are not viable for a long time (77, 

216).  

We have reported a protocol for isolation and culture of inverted rat intestinal explants for up to 

24h. The jejunum explants isolated and cultured in this manner may be used up to 24h or even 

longer for in vitro investigations. The protocol described here enables the inversion of intestinal 

explants prior to culture.  By inverting the intestinal explant, the mucosal regions are exposed to 

the culture medium and any drugs or chemicals that may be tested. The method to culture 

explants described in this report has potential applications in toxicology and drug metabolism 

studies. 

While the inversion of the intestinal segments promotes oxygen availability to the mucosal 

regions, hypoxia-induced damage may still occur to other regions of the explant.  In the future, 

the design of custom bioreactors with oxygen flow may alleviate such problems.  

2.7.2 Critical Parameters and Troubleshooting 

2.7.2.1 Preparation of PDMS rods and collagen gels 

When coating PDMS rods, Matrigel™ must be kept on ice to prevent it from solidifying. Similarly, 

when making collagen gels, all solutions must be kept on ice until the collagen solution is pipetted 

into the well plates. This is also to prevent the gel from solidifying.  

2.7.2.2 Inversion of intestinal segments  
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The inversion process is a critical step in the protocol. It is important to be careful during the 

inversion process as excessive pressure can damage the intestine and may even lead to snipping 

of the intestinal segment during the inversion process. If this happens, the identification of the 

location of segments may be difficult and the intestine may start degrading rapidly. Degradation 

will be visible through shedding of large numbers of sheets into the media. To prevent this, it is 

recommended that only segments ~10-12 cm long be inverted at a time. Longer segments may 

lead to difficulties in inversion and may cause damage to the intestine.  

After inversion, the first ~5 mm length of the tissue should be removed since this is the region 

most likely to get damaged while inverting. The rinsing steps before and after inversion to get rid 

of stool particles and associated gut bacteria are also crucial to the culture. 

2.7.2.3 Shedding of cell sheets  

Shedding of sheets of cells from the mucosal layer can occur if the explants are damaged during 

the isolation. The damage could be caused by application of large amount of pressure or 

accidental scraping of the surface when putting the PDMS rod (with the explant) into the holes in 

the Millicell® hanging cell culture insert. Lack of oxygenation of media could also lead to 

degradation of the explants. If attempting to culture for longer time periods, it is recommended 

that media be prepared fresh every day with oxygenation. It is advisable to take regular notes on 

any observations of sheet shedding from the explants during the culture period. 

2.7.2.4 Extending the protocol to other species 

The procedure to obtain and culture intestinal explants described here may be extended to any 

species where entire sections of the explant may be excised. Although it is difficult to obtain 

human intestinal sections, it is possible to obtain such tissues from hospitals and clinics with 

appropriate institutional approvals. If the diameter of intestinal segments is larger than what is 

described in this protocol, then custom-designed bioreactors will be required. 
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2.7.2.5 Time considerations 

The explants described in this protocol may be cultured up to 24h.  Longer studies may be 

undertaken if required.  

2.7.2.6 Effect of the age of the donor  

While this protocol has been developed using the adult rat small intestine, it may be extended to 

small intestine obtained from donor animals of different ages.  

2.7.3 Anticipated Results 

Intestinal explants can be excised and cultured on PDMS rods in cell culture inserts for up to 24h. 

A researcher with sufficient experience in the presented method will be able to reproducibly obtain 

viable explants of ~1 cm length from different regions of the intestine.  

 

  



32 
 

Chapter 3: The Assembly of Integrated Rat Intestinal-

Hepatocyte Cultures 

NOTE: This chapter was accepted to be published in the journal Bioengineering and Translational 

Medicine (Wiley) in October 2019: Kothari, A., & Rajagopalan, P. (2019). The Assembly of 

Integrated Rat Intestinal-Hepatocyte Cultures. Bioengineering and translational medicine, 

doi: 10.1002/btm2.10146. The article is copyrighted by John Wiley & Sons, Inc (© 2019 John 

Wiley & Sons, Inc.). It has been reproduced here with permission from John Wiley & Sons, Inc. 

3.1 Abstract 

The jejunum is the segment of the small intestine responsible for several metabolism and 

biotransformation functions. In this report, we have cultured rat jejunum explants in vitro and 

integrated them with hepatocyte cultures.  We have also investigated the changes in jejunum 

function at different locations since spatial variations in intestinal functions have been reported 

previously. We divided the length of the rat jejunum into three distinct regions of approximately 9 

cm each.  We defined the regions as proximal (adjacent to the duodenum), medial and distal 

(adjacent to the ileum). Spatiotemporal variations in functions were observed between these 

regions within the jejunum. Alkaline phosphatase (ALP) activity (a marker of enterocyte function), 

decreased 2-fold between the proximal and distal regions at 4h. Lysozyme activity (a marker of 

Paneth cell function) increased from the proximal to the distal jejunum by 40% at 24h. Mucin-

covered areas, a marker of goblet cell function, increased by 2-fold between the proximal and 

distal segments of the jejunum at 24h. When hepatocytes were integrated with proximal jejunum 

explants, statistically higher urea (~ 2.4-fold) and mucin (57%) production were observed in the 

jejunum explants.  The integrated intestine-liver cultures can be used as a platform for future 

investigations.  
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3.2 Introduction 

The small intestine is a complex organ that conducts a wide range of functions including the 

digestion of food, absorption of nutrients and metabolism of drugs and toxicants (1, 6, 218). It is 

divided into three distinct segments, namely the duodenum, the jejunum and the ileum, each of 

which is responsible for different specialized functions (1, 23). The intestine is also divided into 

different layers radially, namely the mucosa, the submucosa, the muscularis externa, and the 

serosa/adventitia (1, 23). The mucosa forms the intestinal lumen where it absorbs nutrients and 

secretes proteins (1, 23). The epithelial layer of the intestinal mucosa is composed of five primary 

cell types: enterocytes (> 90% of the epithelial cell population), goblet cells (~8-10%), 

enteroendocrine cells (< 1%), Paneth cells and stem cells (6, 23). The first three of these cell 

types are arranged along finger-like projections known as villi (1, 6). Enterocytes are the primary 

absorptive cells that also express biotransformation enzymes such as cytochrome P450s (such 

as CYP2E1) and alcohol dehydrogenase (ADH) (1, 218, 219). Goblet cells are involved in the 

secretion of glycoproteins called mucins that constitute the mucus barrier in the intestine, while 

enteroendocrine cells are responsible for the secretion of hormones such as secretin and 

serotonin (1, 6). The villi are accompanied by corresponding invaginations in the mucosa called 

the Crypts of Lieberkühn (1, 6). These are populated by Paneth cells that secrete antimicrobial 

proteins including lysozyme and defensins, and stem cells that renew the mucosal epithelium (1, 

6).  

The small intestine and the liver work together to modulate several physiological functions such 

as, bile acid homeostasis, urea cycle, and absorption and metabolism of orally administered drugs 

and toxicants (23, 220). Disruption of the small intestine-liver axis is implicated in diseases such 

as alcoholic liver disease and hepatic encephalopathy (221). The interactions between these two 

organs highlight the need to study them together. 
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In vitro culture of the small intestine has been conducted through several means such as explants, 

primary epithelial cells, immortalized cell lines, and more recently, organoids (23, 62, 216). 

Intestinal explants are comprised of all cell types in the epithelium as well as the underlying layers 

such as the submucosal mesenchyme (216, 222). These explants have been used to investigate 

a wide range of intestinal phenomena (23, 62, 77). The adult small intestine has only been 

cultured for shorter time periods typically ranging from 4h to 5 days (23, 62, 77). Explants from 

the adult rat jejunum have been shown to degrade after 24h in culture (62). 

In vitro studies on integrating the intestine and the liver have focused on using cell lines such as 

Caco-2 cells with either primary hepatocytes or hepatocyte cell lines such as HepG2 cells (23). 

So far, there has only been one study where primary models of the intestine and liver were 

integrated (78).  Van Midwoud et al (78) integrated rat precision-cut intestinal slices (PCIS) and 

precision-cut liver slices (PCLS) to investigate the induction of phase I and phase II enzymes and 

maintenance of bile acid homeostasis over a 7h period (78). This study did not investigate the 

effects of location or integration on individual functions of the PCIS and PCLS.  

Between the duodenum, jejunum and ileum, the jejunum is critical for the digestion of food as well 

as the absorption of nutrients such as sugars, fats and amino acids (1, 4). The jejunum has the 

highest surface area for absorption among the three segments (223, 224). It is primarily 

responsible for the absorption of bile salts transported from the liver into the intestine (225, 226). 

In addition, the jejunum has the highest abundance of several phase I and phase II drug-

metabolizing enzymes in the small intestine (218). Therefore, we have focused our investigations 

on the jejunum. 

In vivo and ex vivo studies on the intestine have revealed several spatial trends in its properties 

(219, 227, 228). For example, activities of enzymes such as ALP and ADH decrease (219, 227), 

while lysozyme activity and the thickness of the mucus barrier increase along the length of the 

small intestine (227, 228). However, investigations of location-dependent trends have been 
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reported primarily through in vivo or ex vivo studies (219, 227, 228). Moreover, these reports have 

focused on the differences between the duodenum, the jejunum and the ileum. There are a few 

ex vivo reports where the entire length of the small intestine was divided into small sections to 

study spatial variations (229, 230). To the best of our knowledge, there are no studies that have 

reported changes within the jejunum.  

Since the location of intestinal cells plays a crucial role in determining their function (219, 227, 

228), investigating the jejunum as a whole does not allow for the delineation of these spatial 

effects. Hence isolating the effects of location on the functions of the jejunum in vitro necessitates 

its division into short segments obtained from different locations. We report the culture of rat 

jejunum explants to investigate location-dependent variations in biochemical markers of 

enterocytes, Paneth and goblet cells.  In this report, we have divided the length of the rat jejunum 

into three regions; proximal (adjacent to the duodenum, ~ 9 cm), medial (~ 9 cm) and distal 

(adjacent to the ileum, ~ 9 cm). Jejunum explants were integrated with primary rat hepatocytes in 

collagen sandwich (CS) cultures. The effects of integration were evaluated through monitoring 

changes in intestinal cells and hepatocytes. 

3.3 Materials and Methods 

Alcian blue, calcium chloride, collagenase type IV, gentamicin sulfate, glucagon, glutaraldehyde, 

4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES), hydrocortisone, periodic acid, 

protease inhibitor cocktail and Schiff’s reagent were purchased from Sigma-Aldrich (St. Louis, 

MO). All other chemicals were purchased from Thermo Fisher Scientific (Waltham, MA) unless 

otherwise stated.  

3.3.1 Collagen extraction 

Type I collagen was extracted from rat tails as described previously (231, 232). Briefly, rat tail 

tendons were dissolved in acetic acid. The resulting solution was centrifuged at 13,000 x g, 
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following which collagen was precipitated with 30% (w/v) sodium chloride. Precipitated collagen 

was centrifuged at 8,500 x g and the pellets were resuspended in 0.6% acetic acid. The resulting 

suspension was dialyzed against 1 mN hydrochloric acid. Collagen concentration was measured 

by measuring absorbance at 280 nm and used at a pH of 3.1. Collagen was sterilized with 

chloroform prior to cell culture. Collagen gels were cast at a concentration of 1.1 mg/mL in 12-

well plates (250 µL per well for hepatocyte seeding and 500 µL per well for jejunum explant 

cultures).  

3.3.2 Isolation and culture of primary rat hepatocytes 

Primary hepatocytes were isolated from female Lewis rats weighing 180-210 g (Envigo, 

Indianapolis, IN) using an in situ two-step collagenase method as previously described before 

(231, 233). Animal care and excision protocols were approved by and conducted in accordance 

with the Virginia Tech Institutional Animal Care and Use Committee. Total isolated hepatocyte 

counts typically lay in the range of 100-150 million hepatocytes with ≥ 97% viability, as determined 

by trypan blue exclusion. Hepatocytes were seeded on collagen gels at a cell density of 5 x 105 

cells/well in a 12-well plate. A second collagen gel layer (1.1 mg/mL) was deposited on top of the 

hepatocyte monolayer approximately 3h post-hepatocyte seeding, to assemble CS hepatocyte 

cultures. Hepatocyte culture medium was added 4h post-seeding. Hepatocyte culture medium 

was composed of Dulbecco’s modified Eagle medium (DMEM), with 0.37% sodium bicarbonate, 

10% (v/v) heat-inactivated fetal bovine serum, 200 U/mL penicillin, 200 µg/mL streptomycin, 0.5 

U/mL insulin (MP Biomedicals, Santa Ana, CA), 20 ng/mL Epidermal Growth Factor (EGF), 14.28 

ng/mL glucagon, and 7.65 µg/mL hydrocortisone. Cultures were maintained at 37°C in a 

humidified incubator with 10% carbon dioxide. 

3.3.3 Isolation and culture of rat jejunum explants 

The small intestine was excised from female Lewis rats from which the liver was excised. The 

duodenum was removed at the ligament of Treitz (Figure 3.1A). The jejunum was separated from 
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the ileum at the zone where there was an increase in the diameter and amount of mesenchyme 

(Figure 3.1C). A detailed procedure on the excision of jejunum explants has been previously 

reported (222). Briefly, an inverted jejunum segment (approximately 1 cm in length) was pulled 

on Matrigel®-coated polydimethylsiloxane (PDMS) rods, placed in a Millicell® insert (Figure 3.1D 

and E) and transferred to 12-well plates containing collagen gels. Oxygenated gentamicin-

containing medium (3 mL) was added to each well. Each jejunum segment resulted in 

approximately 18 explants, with an average length of 9.9 ± 0.4 mm (n = 84 explants from 7 rats) 

(Figure 3.1D). The top six sections were identified as proximal, the middle six as medial and the 

bottom six as distal (Figure 3.1B).  Explant cultures were maintained at 37°C in a humidified 

incubator with 10% CO2. The media was removed and replenished at 3h and 4h. At 4h, the 

explants were transferred to new collagen-coated wells to be maintained as jejunum cultures, or 

to well-plates that contained hepatocyte cultures to assemble integrated jejunum-hepatocyte 

cultures.  All cultures (CS alone, jejunum, or integrated) were supplemented with 3 mL of 

hepatocyte medium.  
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Figure 3.1: (A) Schematic of the small intestine showing its longitudinal segments. The duodenum 

ends at the ligament of Treitz. ‘x’ and ‘y’ denote the start and the end of the jejunum, respectively. 

‘z’ denotes the start of the ileum. (B) The jejunum was divided into three segments, namely, 

proximal, medial and distal jejunum. (C) The jejunum-ileum transition is marked by an increase in 

diameter of the intestine. (D) To excise explants, the jejunum was inverted, pulled up on a PDMS 

rod and cut at a length of ~10 mm. (E) The PDMS rod was suspended in a Transwell® insert with 

two diametrically opposite holes drilled through it. * denotes p < 0.05 relative to duodenum, 

jejunum (x) and jejunum (y). 
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3.3.4 Protein measurements in hepatocyte cultures and jejunum explants 

All CS cultures were ended through collagenase IV-mediated digestion of the collagen gels. This 

was followed by the lysis of hepatocyte protein in the presence of a protease inhibitor cocktail. 

The protease inhibitor cocktail consisted of 4-(2-aminoethyl) benzenesulfonyl fluoride 

hydrochloride, aprotinin, bestatin, E-64, leupeptin, and pepstatin A as described before (231). 

Jejunum explants were homogenized using a TissueRuptor® homogenizer (Qiagen, Hilden, 

Germany) at a speed setting of 8 for 2 min per sample. Homogenization was performed in 0.5 mL 

lysis buffer in presence of the protease inhibitor cocktail to isolate protein. Homogenates were 

centrifuged at 10,000x g for 5 min and the supernatant was collected and frozen until further use. 

Protein concentrations in cell or tissue lysates were determined through the Bradford assay using 

a commercially available kit (Coomassie (Bradford) Protein Assay Kit; Thermo Fisher Scientific) 

as previously described (231).  

3.3.5 Measurement of alkaline phosphatase (ALP) activity  

ALP activity was measured using a commercially obtained assay kit (Abcam, Cambridge, UK) 

following the manufacturer’s instructions. Briefly, jejunum explant lysates and hepatocyte lysates 

were incubated with para-nitrophenyl phosphate (pNPP) substrate for 1h at 25 °C, following which 

the absorbance was measured at 405 nm to quantify the para-nitrophenol (pNP) produced 

through ALP-mediated dephosphorylation. A standard curve was generated using the pNPP 

substrate and ALP enzyme provided by the manufacturer.  

𝐴𝐿𝑃 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = ,  

where A = concentration of pNP generated in samples (µmol), V = volume of sample (mL), T = 

reaction time (min). ALP activity values were normalized to the protein content of each sample.  

3.3.6 Measurement of alanine aminotransferase (ALT) activity 
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Alanine aminotransferase (ALT) activity was measured using a commercially obtained kit (ALT 

(SGPT) Reagent, Colorimetric, Endpoint Method; Teco Diagnostics, Anaheim, CA) following the 

manufacturer’s protocol (231). The absorbance was measured at 505 nm. Absorbance values 

were converted to enzyme concentrations using a calibrator of known ALT activity provided by 

the manufacturer.  

3.3.7 Measurement of lysozyme activity  

Lysozyme activity in spent culture media was measured using a commercially available assay kit 

(EnzChek™ Lysozyme Assay Kit, Thermo Fisher Scientific) following the manufacturer’s protocol. 

Briefly, spent culture media was incubated with fluorescein-conjugated Micrococcus lysodeikticus 

cell walls that acted as a lysozyme substrate. Fluorescence was measured after 2h of incubation 

at 37°C at excitation and emission wavelengths of 485 nm and 538 nm, respectively. Lysozyme 

activity values were calculated through a standard curve and normalized to protein content.  

3.3.8 Urea secretion 

Urea secretion was measured as described previously (234, 235) through a colorimetric, diacetyl 

monoxime based assay using a commercially available Blood Urea Nitrogen (BUN) assay kit 

(Stanbio Laboratory, Boerne, TX). Absorbance was measured at 520 nm and a standard curve 

was generated using urea diluted in culture medium.  

3.3.9 Cryosectioning of jejunum explants 

Explants were cut lengthwise and fixed with 2 mL of glutaraldehyde (3% w/v) at 4°C for 7h. Fixed 

samples were washed with PBS (1X), followed by a 5 min incubation in 15% (w/v) sucrose, and 

a 15 min incubation in 30% (w/v) sucrose solutions. Thereafter, samples were equilibrated in 

Tissue-Tek Optimal Cutting Temperature (OCT) compound (Electron Microscopy Sciences, 

Hatfield, PA) for 15 min. Samples were frozen in OCT compound in cryomolds using an 

isopentane solution partially frozen with liquid nitrogen (236). The embedded samples were then 
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cryosectioned transversely at a thickness of 10 µm per section to visualize the intestine. Sections 

were stored at -80°C until used. Prior to histochemical or immunofluorescence staining, 

cryosections were fixed with 3% (w/v) glutaraldehyde (in PBS (1X)) for 20 min at room 

temperature.  

3.3.10 Hematoxylin and Eosin staining of jejunum explants 

Jejunum cryosections were stained with Mayer’s Hematoxylin and Eosin according to the 

manufacturer’s instructions (237). Briefly, cryosections were stained with Mayer’s hematoxylin 

solution, and rinsed in warm water (pH = 8.2-8.4). Thereafter, sections were dehydrated in 95% 

ethanol and stained with Eosin Y solution (0.5% (w/v), in 95% (v/v) ethanol alcoholic solution, pH 

= 4.2 - 4.3). Stained sections were decolorized in 95% ethanol until streaking of the eosin stain 

ceased. Finally, samples were serially dehydrated for 2 min each in 95% (v/v) ethanol and 

absolute ethanol and mounted on glass slides with Cytoseal™ 60. 

3.3.11 Alcian blue (AB)/Periodic acid-Schiff’s base (PAS) staining of jejunum 

explants 

Jejunum cryosections were stained with Alcian blue/PAS staining to visualize acidic and neutral 

mucins. Staining procedures were adapted from a previous report (238). Briefly, samples were 

equilibrated with 3% (v/v) acetic acid and incubated with the Alcian blue dye (1% (w/v) in 3% (v/v) 

acetic acid, pH = 2.5) for 2.5h. Non-specific stain was removed with 3% (v/v) acetic acid. 

Thereafter, samples were incubated in 0.1% (w/v) periodic acid, followed by incubation with 

Schiff’s reagent. Stained samples were washed in running tap water for 10 min, rinsed in 

deionized water, and serially dehydrated for 2 min each in 95% (v/v) ethanol and absolute ethanol. 

Finally, the samples were mounted on glass slides with Cytoseal™ 60. 

3.3.12 Morphometric analyses  
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Villus area was measured using FIJI (ImageJ software, NIH) (239) for n = 20 villi per condition. 

The fraction of each cryosection stained with Alcian Blue was measured using FIJI (n = 3 

cryosections per condition). Images of complete cryosections were thresholded using the hue, 

saturation and brightness (HSB) color model. The image hue and saturation parameters were 

adjusted to isolate blue-colored areas stained by AB in the samples. The blue colored area was 

then divided by total area of the cryosection to calculate the ‘mucin-covered area fraction’.  

3.3.13 Immunofluorescence staining for ZO-1 

Fixed samples were treated with 0.1% (w/v) sodium borohydride, followed by a 5 min incubation 

in 0.05% (v/v) TritonX-100. The samples were rinsed with warm PBS and blocked with 1% (w/v) 

BSA in PBS (1X) supplemented with rabbit serum (15µL/mL) at 37°C for 1h. Samples were 

incubated at 4°C overnight with primary monoclonal anti-rat ZO-1 antibody (Developmental 

Studies Hybridoma Bank, University of Iowa; 1:5 dilution). A FITC-conjugated rabbit anti-rat IgG 

secondary antibody was then used to visualize ZO-1 expression. Nuclei were stained with 

Hoechst 33258 dye. Samples were imaged using a Zeiss LSM confocal microscope (Oberkochen, 

Germany). Immunofluorescence was quantified through ImageJ as corrected total fluorescence 

intensity using n = 10 images as described previously (232). Corrected total fluorescence intensity 

= [Integrated fluorescent intensity] – [fluorescent area x mean background fluorescence]. The 

mean background fluorescence was measured as the mean of fluorescence intensities at 10 

locations per image not corresponding to the villi.  

3.3.14 Statistical Analyses 

Statistical significance was determined using p-values determined by one-tailed student’s t-tests, 

assuming unequal variance when sample sizes were unequal, and equal variance when sample 

sizes were equal between the groups being compared. The Bonferroni correction (multiple 
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hypothesis testing) was applied with α = 0.05. All data are reported as mean ± standard deviation, 

and n denotes sample size.   

3.4 Results 

3.4.1 Identification of different segments of the rat small intestine 

The total length of the small intestine excised from the rats was found to be 92.7 ± 3.8 cm (n = 7 

intestines). The duodenum, jejunum and ileum were identified and segregated based on their 

morphological differences (Figure 3.1A). The lengths of the duodenum, jejunum and ileum were 

found to be 9.6 ± 0.6 cm (n = 7 intestines), 26.0 ± 1.2 cm (n = 7 intestines) and 34.4 ± 1.7 cm (n 

= 5 intestines) respectively. These lengths are in agreement with previous reports (240). The 

jejunum was divided into 3 segments of equal length (~ 9 cm), denoted as proximal, medial and 

distal jejunum (Figure 3.1B). The inner diameters of the intestinal segments were measured at 

the end of the duodenum, the beginning and end of the jejunum, and the beginning of the ileum 

(n = 3 intestines for each location) (Figure 3.1C). The diameter at the end of the duodenum was 

2.21 ± 0.04 mm, which was statistically similar to the diameters at the start (2.56 ± 0.31 mm) and 

end (2.60 ± 0.17 mm) of the jejunum.  The diameter at the start of the ileum was 3.36 ± 0.07 mm, 

which was statistically higher (29%) than the diameter at end of the jejunum (p ≤ 0.05). Jejunum 

explants approximately 1 cm in length were excised and subsequently cultured in Transwell® 

inserts in 12-well plates (Figure 3.1D and E).  

3.4.2 Spatial differences in enterocyte markers 

Explants isolated from the jejunum were used to evaluate the spatial variation in enterocyte 

markers in the three jejunum locations (proximal, medial and distal; n = 3 explants per location). 

ALP and ALT activities were measured after 4h and 24h of culture. At 4h, explants from the distal 

jejunum exhibited a ~2-fold lower ALP activity (p ≤ 0.05) compared to values obtained from the 

proximal or medial sections. The ALP activities of the proximal and the medial sections were 
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statistically similar (p > 0.05) (Figure 3.2A). The decrease in ALP activity is consistent with 

reported in vivo observations in rats (227, 230). ALT is expressed in intestinal enterocytes and is 

involved in glutamine and glutamate metabolism (241). At 4h, the ALT activity in culture media 

from the distal jejunum was 1.8-fold higher than in proximal and medial sections (p ≤ 0.05 for both 

proximal and medial comparisons) (Figure 3.2B). However, at 24h, no significant differences 

were observed in the activities of the two enzymes as a function of location (Figures 3.2D-E). To 

evaluate enterocyte function at longer time points, ALP activity was measured after 72h in culture. 

Compared to the 24h time point, ALP activities of the proximal and medial jejunum decreased 

significantly at 72h (38% and 42%, respectively; p ≤ 0.05) (Figure 3.3A). ALP activity in the distal 

segment decreased by 29% (p > 0.05).   
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Figure 3.2: Jejunum ALP activity (A, D), ALT activity (B, E), and lysozyme activity (C, F) activity 

measured after 4h and 24h of explant culture. * and # denote p ≤ 0.05 relative to proximal and 

medial jejunal segments respectively. 
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Figure 3.3: (A) Jejunum ALP activity and (B) lysozyme activity at 24h and 72h after culture (* 

denotes p ≤ 0.05 relative to 24h time-point). 

3.4.3 Variations in Paneth cell function 

Lysozyme activity was measured at 4h and 24h to assess Paneth cell function (n = 3 explants per 

jejunum location). The enzyme activity measured at 4h did not exhibit variation (Figure 3.2C). In 

contrast, a spatial trend was observed at 24h. Lysozyme activity increased significantly (40%) 

from proximal to distal jejunum (p ≤ 0.05) (Figure 3.2F). Lysozyme activity in the medial jejunum 

was 43% higher than proximal, but this difference was not statistically significant (p > 0.05). Laval 

et al (227) reported an increase of approximately 2.5-fold from proximal to distal jejunum in rats 

in vivo (0h), which is qualitatively similar to what is reported in the present study. Lysozyme activity 

was measured at 72h to evaluate Paneth cell function at longer time points. Lysozyme activity did 

not vary significantly (p > 0.05) compared to the activity at 24h for proximal, medial or distal 

jejunum explants (Figure 3.3B).  

3.4.4 Changes in epithelial cells and villi morphology  

H&E staining and villus area measurements were performed to investigate changes in 

morphology (Figures 3.4A-L). Explants from all three locations of the jejunum showed the crypt-

villus morphology at 0h, 4h and 24h after culture as visualized through H&E staining (Figures 

3.4A-C, E-G and I-K). The number of epithelial cells appeared to decrease with culture time with 
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distal explants exhibiting the greatest decrease (Figures 3.4A-C, E-G and I-K). Villus area did 

not differ significantly between the proximal, medial and distal regions of the jejunum at the 0h, 

4h and 24h timepoints (n = 20 villi per condition) (Figures 3.4D, H and L). Villus surface area has 

been reported to be similar between the duodenum, jejunum and ileum in rats in vivo (242). Villus 

morphology appeared to be degraded in the distal jejunum after 72h in culture compared to the 

proximal and medial segments (Figures 3.5A-C). The villus area in the distal explants at 72h was 

significantly lower than the proximal or medial jejunum (42% and 38% lower, respectively; n = 20 

villi per condition; p ≤ 0.05 for both) (Figure 3.5D).  

 

Figure 3.4: H&E staining of the proximal, medial and distal jejunum after (A - C) 0h, (E - G) 4h and 

(I - K) 24h in culture. V = villi, CL = crypts of Lieberkühn. Morphometric analysis of villus area 

across locations at (D) 0h, (H) 4h and (L) 24h. 
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Figure 3.5: Alcian blue/PAS staining for mucins in the (A) proximal, (B) medial and (C) distal 

jejunum after 72h in culture. (D) Villus areas and (E) alcian blue-covered area fractions across 

locations at 72h (* and # denote p ≤ 0.05 relative to proximal and medial jejunal segments, 

respectively). 

The expression of ZO-1, a tight junction protein in the intestinal epithelium, was investigated by 

immunofluorescence staining. Corrected total fluorescence intensity of ZO-1 expression in villi 

was measured using n = 10 images per condition. Differences were investigated across the three 

locations at the 0h, 4h and 24h time-points (spatial), and from one time-point to the other within a 

location on the jejunum (temporal). Spatially, ZO-1 immunofluorescence did not change 

significantly across locations at 0h (p > 0.05) (Figures 3.6A-D). This is consistent with ZO-1 

trends reported in mice in vivo (0h) where the expression of ZO-1 was unchanged across the 

length of the small intestine (243). However, at 4h, ZO-1 immunofluorescence was 29% higher (p 

≤ 0.05) in the distal jejunum compared to the proximal jejunum (Figures 3.6E-H). At 24h, the ZO-

1 immunofluorescence decreased by 14% (p ≤ 0.05) in the distal jejunum relative to the proximal 

jejunum (Figures 3.6I-L).  
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Temporal effects were also observed in ZO-1 immunofluorescence. At 4h, ZO-1 

immunofluorescence decreased significantly in proximal jejunum (34%) compared to 0h (p ≤ 0.05 

for both), while no significant change was observed in the medial and distal sections (p > 0.05). 

The decrease could be a result of loss of epithelial cells from the villi at later time points as 

observed by H&E staining. ZO-1 immunofluorescence in explants from all three locations did not 

change significantly between 0h and 24h (p > 0.05). From 4h to 24h, the ZO-1 intensity increased 

in proximal jejunum by 35% (p ≤ 0.05). However, no significant change in ZO-1 

immunofluorescence was observed in medial and distal explants between 4h and 24h (p > 0.05).  

 

Figure 3.6: ZO-1 immunofluorescence staining of the proximal, medial and distal jejunum after (A - 

C) 0h, (E - G) 4h and (I - K) 24h in culture. Green = ZO-1 immunofluorescence, Blue = Nuclei. 

Corrected total fluorescence intensity measurements at (D) 0h, (H) 4h and (L) 24h. * denotes p ≤ 

0.05 relative to respective proximal groups. 
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3.4.5 Goblet cell function 

Goblet cell function was evaluated through AB/PAS staining of the explant samples (244). The 

area of an explant covered by mucin was measured as a function of location as well as time.  

Spatial and temporal variations are discussed individually.  At 0h, mucins in the explants from all 

three locations covered only 3-4% of the cryosection area (Figures 3.7A-D). However, at 4h and 

24h, the area of mucin-covered regions increased for all three locations of the jejunum (Figures 

3.7E-L). At 4h, the mucin-covered area increased approximately 2-fold from the proximal to the 

distal jejunum, but this increase was not statistically significant (p > 0.05) (Figure 3.7H). A ~1.5-

fold increase in the mucin-covered area fraction was measured from the medial to the distal 

jejunum (p > 0.05). At 24h, the areas of mucin-covered regions for the proximal and medial 

jejunum were similar (p > 0.05) (Figure 3.7L). The distal jejunum exhibited ~2-fold higher mucin-

covered regions than proximal or medial explants (p > 0.05 for both) (Figures 3.7L). In the rat 

intestine, an approximate 30-50% increase in the mucin volume from proximal to distal regions 

has been reported in vivo (0h) (228).  Although, our data may not be statistically significant, we 

do observe increases in the area of an explant covered by mucins.   

Temporal variations were also observed within each location on the jejunum. In the proximal 

jejunum, the mucin-covered area fractions at 0h, 4h and 24h were 3.9 ± 0.4%, 4.2 ± 0.8% and 

7.8 ± 1.7%, respectively (n = 3 cryosections at each timepoint) (Figures 3.7D, H and L). In the 

medial jejunum, the mucin-covered area fractions at 0h, 4h and 24h were 3.2 ± 0.8%, 6.0 ± 0.6% 

and 9.8 ± 1.0%, respectively (n = 3 cryosections at each timepoint) (Figures 3.7D, H and L). In 

the distal jejunum, the mucin-covered area fractions at 0h, 4h and 24h were 3.2 ± 0.5%, 8.9 ± 

1.3% and 19.5 ± 4.7%, respectively (n = 3 cryosections at each timepoint) (Figures 3.7D, H and 

L).  
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Figure 3.7: Alcian blue/PAS staining for mucins in the proximal, medial and distal jejunum after (A 

- C) 0h, (E - G) 4h and (I - K) 24h in culture. Alcian blue-covered area fractions across locations at 

(D) 0h, (H) 4h and (L) 24h. 

In the proximal jejunum, the mucin-covered area fraction at 24h was 2-fold higher than at 0h (p > 

0.05). No significant change was observed in the mucin-covered area at 72h compared to 24h (p 

> 0.05) (Figures 3.5A and E). In the medial explants, the mucin-covered area fractions increased 

significantly by 3-fold from 0h to 24h (p ≤ 0.05). At 72h, the mucin-covered area fraction (9.8 ± 

1.5%, n = 3) was similar to that at the 24h time-point (p > 0.05) (Figures 3.5B and E). In the distal 

explants, mucin-covered area fractions increased significantly by 2.8-fold from 0h to 4h and by 6-

fold from 0h to 24h (p ≤ 0.05 for both comparisons) (Figures 3.7D, H and L). However, a 5.3-fold 
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decrease in mucin-covered area was observed after 72h compared to 24h in culture (p ≤ 0.05) 

(Figures 3.5C and E).  

3.4.6 Integration of hepatocyte cultures and jejunum explants  

Jejunum explants were integrated with CS cultures of primary rat hepatocytes to understand how 

the two systems modulated each other’s function. Both the jejunum and the hepatocytes were 

obtained from the same rat for the assembly of integrated intestinal-hepatocyte cultures (Figure 

3.8). Proximal, medial and distal jejunum explants were integrated with hepatocytes and functions 

were evaluated 20h post-integration (Figure 3.9). Integrated cultures with proximal, medial and 

distal jejunum explants are henceforth referred to as ‘proximal integrated’, ‘medial integrated’ and 

‘distal integrated’ cultures, respectively.  

Figure 3.8: Schematic depicting the timeline for culture and integration of jejunum explants with 

hepatocyte collagen sandwich (CS) cultures. Jejunum explants and hepatocytes isolated from the 

same rat were integrated 4h post-isolation and ended at the 24h timepoint. 

Phase contrast images (Figures 3.9A and B) and H&E staining (Figure 3.10) of hepatocytes in 

CS cultures exhibited binucleated cells with polygonal morphologies. The protein content of 
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hepatocyte CS cultures did not change as a function of integration (Figure 3.9C) indicating that 

the jejunum did not cause an adverse effect on protein expression in hepatocytes. In proximal 

integrated cultures, urea secretion was ~2.4-fold higher (p ≤ 0.05) than by hepatocytes cultured 

alone (Figure 3.9D). Medial and distal integrated cultures did not exhibit a statistically significant 

change (p > 0.05) (Figure 3.9D). Hepatocytes in proximal integrated cultures did not exhibit a 

statistically significant change in ALP activity compared to CS alone controls (p > 0.05) (Figure 

3.9E).  However, hepatocyte ALP activity increased significantly in medial (62%) and distal (58%) 

integrated cultures compared to CS alone controls (p ≤ 0.05 for both) (Figure 3.9E). These trends 

indicate that integration with proximal jejunum explants may have improved hepatocyte function, 

while medial and distal jejunum explants may have a negative effect on hepatocytes. 
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Figure 3.9: (A and B) Phase contrast images of hepatocytes in collagen sandwich cultures at the 

24h time-point. Arrows indicate binucleated hepatocytes. Effect of integration on hepatocytes. (C) 

Hepatocyte protein, (D) urea production and (E) ALP activity in CS alone and integrated cultures 

(CS + proximal jejunum, CS + medial jejunum and CS + distal jejunum). * denotes p ≤ 0.05 relative 

to CS alone cultures. 
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Figure 3.10: Hematoxylin and Eosin staining of hepatocytes in CS cultures. Arrows indicate 

binucleated hepatocytes. 

ALP and lysozyme activities in jejunum explants did not change significantly in proximal, medial 

or distal integrated cultures, suggesting that there were no deleterious effects as a result of 

integration (Figures 3.11A-F).  

 

Figure 3.11: Effects of integration on (A - C) enterocyte and (D – F) Paneth cell markers. 

 

Changes in villus area upon integration were not statistically significant for proximal, medial or 

distal jejunum (p > 0.05) (Figures 3.12A-C).  AB/PAS staining was performed to investigate the 
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effect of integration of jejunum explants with hepatocytes on the mucus barrier (Figures 3.12D-

I). AB/PAS staining revealed that the fraction of mucin-covered cryosection area was significantly 

higher (57%) in proximal integrated cultures than the corresponding jejunum alone controls (p ≤ 

0.05) (Figures 3.12D, E and J). This result suggests an effect of hepatocytes on the proximal 

jejunum explants. This was not true for explants from the medial or distal jejunum (Figures 3.12F-

I, K and L).  

 

Figure 3.12: Effect of integration on jejunum explants. (A - C) Villus area and (D - I) alcian blue/PAS 

staining of proximal, medial and distal explants cultured alone or with hepatocyte CS cultures. (J - 

L) Mucin-covered area fractions in proximal, medial and distal segments respectively. * denotes p 

≤ 0.05 relative to corresponding jejunum alone cultures. 
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3.5 Discussion and Conclusions 

The small intestine exhibits variations in its absorptive, secretory and metabolic functions based 

on location (219, 227, 228). To understand these spatial effects on intestinal function in culture, it 

is necessary to divide the intestine into small segments and separately investigate these sections 

in vitro. Most studies on the small intestine only report location-dependent trends between the 

duodenum, the jejunum and the ileum in vivo (219, 227, 228). For these reasons, we investigated 

the properties in different regions within the rat jejunum prior to integrating with hepatocytes.  

Explants from the proximal, medial and distal regions of the jejunum were cultured and functional 

and morphological differences between these regions were evaluated. ALP activity decreased 

from proximal to distal jejunum at 4h. Similar trends have been reported in the small intestine of 

rats  (227, 230) . Within the jejunum, one study reported that the ALP activity in the proximal end 

of the rat jejunum at 0h (in vivo) is approximately 1.6-fold higher than that of the distal jejunum 

(230). At 24h, no significant differences were observed between the ALP activity among the three 

regions. This could be due to the presence of bacterial endotoxins such as lipopolysaccharides 

(245).  Since intestinal bacteria increase from the proximal to the distal regions of the intestine 

(244), it may explain increased lysozyme secretion in the distal jejunum explants by 24h. Future 

studies will focus on identifying the specific endotoxins that can cause increased ALP activity and 

changes in bacterial growth as a function of jejunum location.  

ALT activity in rat intestinal homogenates has been shown to increase from the stomach to the 

duodenum to the jejunum, followed by a decrease from jejunum to ileum (246). This suggests that 

ALT activity could increase along the length of the jejunum, as reported in the present study. ALT 

activity did not change significantly across the jejunum at 24h. One possible reason for this 

observation could be that enterocytes are continually shed from the tips of the villi (247) and it is 

likely that at later time points, cell shedding affected the activity of this enzyme.  
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Further spatiotemporal trends were revealed upon analyzing the area covered by the mucus 

barrier. Mucus deposition occurs over time and can take up to approximately 4.5h for its renewal 

(248).  At 0h, the inversion process may have caused damage to the mucin layer, which may 

explain the location-based differences starting after 4h in culture. It has been shown in vivo that 

the number of goblet cells increases along the length of the intestine from the duodenum to the 

distal ileum (249, 250). There were significant increases in mucin-covered areas between 0h and 

24h in explants obtained from the medial or distal jejunum sections. While the increase in the area 

covered by mucins from proximal to medial to distal jejunum in the present study was similar to in 

vivo observations (228), these spatial trends were not statistically significant.  Taken together, our 

measurements and observations demonstrate that the mucin barrier, an important intestinal 

characteristic is maintained up to 72 h in culture in the proximal and medial regions of the jejunum, 

although, degradation was observed in the distal sections.  

Temporal trends were observed in ZO-1 expression in proximal jejunum explants. ZO-1 

immunofluorescence increased from 4h to 24h in proximal jejunum explants in culture. In the 

future, additional measurements such as western blots or ELISA assays will provide more 

comprehensive information.  

We measured the functional markers for enterocyte, goblet and Paneth cells in jejunum explants 

after 72h in culture to investigate the extent to which explants can be cultured in vitro. The change 

in ALP activity between 24h and 72h of culture in the proximal and medial jejunum suggests 

decreased enterocyte function. These results support previously reported observations of 

degradation of adult rat jejunum explants after 24h in culture (62). The trends in mucin-covered 

area fractions between 24h and 72h could have resulted from decreased goblet cell function or 

the release of mucin proteins from the adherent mucus barrier into the cell culture media.  Future 

investigations into specific mechanisms will provide information on which process causes such 

changes.   
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The second part of the study aimed to understand how individual cell functions could change 

when jejunum explants were integrated with hepatocyte CS cultures. To the best of our 

knowledge, only one study so far has described the integration of the intestine and the liver using 

primary cells and tissues (78). However, the focus of van Midwoud et. al. was to investigate 

changes in phase I and phase II metabolism. Moreover, the two tissue slices were only integrated 

for 3-7h.  

Since our data showed that the proximal, medial and distal sections of the jejunum behaved 

differently from each other in culture, we maintained the distinction between these regions of the 

jejunum for our investigations with integrated jejunum-hepatocyte cultures as well. The integration 

of hepatocyte CS cultures with explants from the proximal, medial and distal jejunum did not affect 

hepatocyte viability, or enterocyte and Paneth cells functions significantly. However, an effect of 

explant location was observed in urea secretion and hepatocyte ALP activity. Urea secretion was 

significantly higher in hepatocytes integrated with proximal jejunum explants. In vivo, the small 

intestine produces ammonia which is detoxified by conversion to urea in the liver (220).  Future 

studies will focus upon measuring changes in ammonia to correlate to variations in urea 

concentration (220). Hepatocyte ALP activity was significantly increased in medial and distal 

integrated cultures.  Since bacterial endotoxins may have been the reason for this trend, our future 

studies will focus upon identifying specific toxins that may have played a role.  

The spatiotemporal trends obtained in jejunum explants suggest that cellular and morphological 

markers change even within this region of the intestine.  The trends reported demonstrate the 

importance of knowing which region of the jejunum is used when conducting future investigations 

into metabolism or biotransformation. The intestine-hepatocyte models described and evaluated 

in this study will be very useful for studies on understanding the crosstalk between these organs, 

specifically in the areas of drug discovery, validation and in their biotransformation.  
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Chapter 4: Investigating Ethanol Toxicity in an In Vitro 

Integrated Jejunum-Liver Model  

4.1 Abstract 

The small intestine and the liver together regulate many physiological functions such as glucose 

homeostasis, bile acid homeostasis and response to toxic xenobiotics. Toxicants such as ethanol 

(EtOH) affect both the intestine and the liver. EtOH-induced toxicity is responsible for over 48% 

of all liver disease related deaths. Moreover, EtOH is responsible for 1 in 3 liver transplants in the 

US alone. There is a lack of studies where primary cell or tissues have been utilized to investigate 

EtOH toxicity to the intestine in vitro. Further, spatial variations in the response of the jejunum to 

EtOH toxicity have not been explored. Additionally, to the best of our knowledge, there are no 

studies that investigate EtOH toxicity in an integrated intestine-liver model. We were thus 

motivated to develop an in vitro model to recapitulate the response of an integrated intestine - 

liver system to investigate EtOH toxicity. In this study, hepatocytes in collagen sandwich (CS) 

cultures and jejunum explants from three different locations (proximal, medial and distal jejunum) 

were integrated and treated with 100 mM and 200 mM EtOH (LC50/2 and LC50 for rats) for 20 h. 

Activities of enzymes such as alkaline phosphatase (ALP), lysozyme and alcohol dehydrogenase 

(ADH) were found to be significantly increased with EtOH treatment in a dose- and location-

dependent manner. On the other hand, villus area and area covered by acidic mucins were found 

to be decreased upon EtOH treatment. Differential responses were also observed based on 

whether the jejunum or hepatocytes were cultured alone or together. Integration of hepatocyte 

CS cultures with explants from the proximal jejunum increased the sensitivity of these cultures to 

EtOH. The results of this study suggest the importance of gut-liver integration in investigating 

EtOH toxicity in vitro. Overall, we were able to recapitulate the effects of EtOH on the intestine 

and the intestine-liver axis in vitro.   
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4.2 Introduction  

The small intestine and the liver are the primary organs responsible for metabolism of orally 

administered drugs and chemicals (23, 112). The small intestine is a crucial part of the first line 

of defense against these chemicals, and this is where they are first metabolized and absorbed 

(23, 113). Damage caused by toxic chemicals and/or their metabolites is manifested in the 

different layers of the small intestine (113-115). Substances absorbed by the small intestine are 

absorbed into the blood stream and transported to the liver through the portal vein (2, 108). In the 

liver, phase I and II biotransformation enzymes involved in nutrient and xenobiotic metabolism 

further process these substances (108, 116). After metabolism by the liver, a fraction of these 

metabolites is sent back to the intestine through the bile duct (108, 117). This process is known 

as enterohepatic circulation (118, 119).   

Toxicants such as EtOH are known to affect both the intestine and the liver (131-137). EtOH-

induced toxicity is responsible for over 48% of all liver disease related deaths (130). Moreover, 

EtOH is responsible for 1 in 3 liver transplants in the US alone (129). EtOH overuse can lead to 

a leaky gut barrier, gut bacterial overgrowth and translocation of bacteria and their metabolites to 

the liver (131, 133-135). EtOH is also implicated in liver diseases such as alcoholic hepatitis, fatty 

liver and alcoholic cirrhosis (132, 136, 137).   

EtOH metabolism primarily takes place through three different oxidative pathways in the body 

(138-143). Around 90% of EtOH is metabolized through the ADH pathway, while the CYP2E1 

pathway accounts for less than 10% of EtOH metabolism under normal conditions (144, 145). 

The catalase pathway is a minor contributor under normal conditions (142, 145). The product of 

metabolism of EtOH through these pathways is the toxic compound acetaldehyde, which can be 

metabolized further to acetic acid through aldehyde dehydrogenase (ALDH) (144, 145). 
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Acetaldehyde causes cell damage by binding to proteins and forming adducts, while acetate is 

safely incorporated into the Krebs cycle through acetyl-CoA formation (144-148).  

 

Figure 4.1: Pathways of EtOH metabolism. The ADH pathway contributes to more than 90% of 

ethanol metabolism under normal conditions while the CYP2E1 and catalase pathways metabolize 

the remaining 10% EtOH. In the cells, the ADH, CYP2E1 and catalase pathways are localized in the 

cytosol, the microsomes and the peroxisomes, respectively. All three pathways lead to formation 

of the toxic metabolite acetaldehyde, which can be further metabolized into acetic acid by ALDH in 

the mitochondria. 

The liver is the primary site of EtOH metabolism in the body, but enzymes that metabolize this 

toxicant are also expressed in the intestine (149, 150). The harmful effects of EtOH are mostly 

manifested in the duodenum and the jejunum due to its rapid absorption along the length of the 

gastrointestinal (GI) tract (150). Acute EtOH consumption can lead to inhibition of transport of 

nutrients and formation of lesions in the mucosa, damage to villi and increased permeability (142, 

150-153, 251). These effects of EtOH observed in vivo make it a relevant toxicant to evaluate an 

integrated gut-liver model.  
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However, in vitro studies on EtOH toxicity on the small intestine have focused on using Caco-2 

cells (252, 253). There are very few studies where primary cell or tissues have been used (254). 

Such studies have explored effects of EtOH on tight junction integrity, cell glycosylation and 

calcium homeostasis (252-254). In vitro studies on EtOH toxicity to the liver have also used both 

cell lines such as HepG2 and SK-Hep-1 cells (255-257) and primary cells or tissues (258-260). 

To the best of our knowledge, there are no studies that investigate EtOH toxicity in an integrated 

gut-liver model. 

Intestinal explants are appropriate for GI toxicity studies because they facilitate the evaluation of 

chemical toxicity in not just the epithelial layer of the gut mucosa, but also in the underlying layers 

such as the lamina propria and muscularis (75, 76). For example, toxicity of EtOH to the gut is 

manifested not only in the epithelial layer, but also in the myofibroblasts in the lamina propria, or 

the muscularis layer (261).  

We hypothesized that integrated in vitro jejunum-hepatocyte cultures would recapitulate the 

response of these tissues to ethanol toxicity in vivo. In the present study, we integrated full 

thickness jejunum explants from the rat with primary hepatocyte collagen sandwich (CS) cultures 

to evaluate the response of these in vitro culture models to EtOH.  

4.3 Materials and Methods 

Alcian blue solution, calcium chloride, chloroform, collagenase type IV, absolute EtOH (200-

proof), gentamicin sulfate, glucagon, glutaraldehyde, 4-(2-hydroxyethyl)-piperazine-1-

ethanesulfonic acid (HEPES), hydrocortisone, periodic acid, protease inhibitor cocktail, Schiff’s 

reagent and sodium dodecyl sulfate were purchased from Sigma-Aldrich (St. Louis, MO). Unless 

stated otherwise, all other chemicals were purchased from Thermo Fisher Scientific (Waltham, 

MA). Absorbance and fluorescence readings were taken using SpectraMax ME2 

spectrophotometer (Molecular Devices, San Jose, CA).  
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4.3.1 Collagen extraction 

Type I collagen was extracted from rat tail tendons as previously described (231). Briefly, the 

tendons were dissolved in 3 % (v/v) acetic acid and centrifuged at 13,000 x g. Collagen was 

subsequently precipitated from the supernatant with 30 % (w/v) sodium chloride. The suspension 

of precipitated collagen was further centrifuged at 8,500 x g and the pellets were resuspended in 

0.6 % acetic acid. The resulting solution was then dialyzed in 1 mN hydrochloric acid. The 

concentration of collagen in the solution was determined through its absorbance at 280 nm. The 

pH of the solution was maintained at 3.1. Finally, the collagen solution was sterilized with 

chloroform before its use cell culture. 

4.3.2 Isolation and culture of primary rat hepatocytes 

Primary hepatocytes were obtained from the livers of female Lewis rats weighing 180-210 g 

(Envigo, Indianapolis, IN). Rat liver perfusion was performed using an in situ two-step collagenase 

perfusion protocol as described previously (231) (234). All animal care and surgical procedures 

were approved by and conducted in accordance with the Virginia Tech Institutional Animal Care 

and Use Committee. Hepatocyte counts ranged between 60-160 million hepatocytes. The viability 

of isolated hepatocytes, as calculated through trypan blue exclusion assay, was ≥ 97%. 

Hepatocytes were seeded in 12-well plates on 1.1 mg/mL collagen gels (0.25 mL per well) at a 

density of 500,000 cells per well. To prepare CS hepatocyte cultures, a second layer of collagen 

(1.1 mg/mL) was deposited over the hepatocyte monolayer 3h after hepatocyte seeding. 

Hepatocyte culture medium was added 1h later (3mL per well). The hepatocyte culture medium 

was composed of Dulbecco’s modified Eagle medium (DMEM), supplemented with 0.37 % (w/v) 

sodium bicarbonate, 10 % (v/v) heat-inactivated fetal bovine serum, 200 U/mL penicillin, 200 

µg/mL streptomycin, 0.5 U/mL insulin (MP Biomedical, Santa Ana, CA), 20 ng/mL Epidermal 

Growth Factor (EGF), 14.28 ng/mL glucagon, and 7.65 µg/mL hydrocortisone. Cultures were 

incubated at 37°C in a humidified incubator in an atmosphere of 10% carbon dioxide. 
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4.3.3 Isolation and culture of rat jejunum explants 

The small intestine was obtained from female Lewis rats in which the liver was perfused and 

isolated earlier. The intestine was stored in ice-cold hepatocyte culture medium supplemented 

with 50 µg/mL gentamicin sulfate until explant isolation. The duodenum was dissected from the 

remaining length of the small intestine at the ligament of Treitz as described previously (222). The 

jejunum-ileum transition was identified by observing increases in the diameter of the intestine and 

the amount of mesenchyme. To expose the mucosa outward, the jejunum was inverted as 

described before (222). Approximately 1 cm-long sections of the inverted jejunum were pulled on 

Matrigel® - coated PDMS rods and transferred to Millicell® inserts. Thereafter, the inserts were 

placed in 12-well plates coated with 0.5 mL of 1.1 mg/mL collagen gel. Hepatocyte culture medium 

supplemented with gentamicin (50 µg/mL) was added to each well to cover the intestinal segment 

in the Millicell® insert (3 mL per well). Eighteen explants (~ 1 cm in length) were isolated from the 

entire jejunum. The top six sections (obtained from the region next to the duodenum) were 

identified as ‘proximal’, the middle 6 as ‘medial’ and the bottom 6 (from the region right before 

the ileum) as ‘distal’. All explants were cultured in a humidified incubator maintained at 37°C in 

an atmosphere of 10% CO2. The media was changed at T = 3h and T = 4h after their isolation (T 

= 0h). The hepatocyte culture medium (3mL per well) added to the explants at 0h and 3h was 

additionally supplemented with 50 ug/mL gentamicin. At T = 4h, the explants were transferred to 

either new collagen-coated wells with or without hepatocytes to be maintained as 

integrated/jejunum alone cultures, respectively. All cultures (CS alone, jejunum, or integrated) 

were supplemented with 3mL per well of common culture medium.  

4.3.4 Administration of EtOH 

EtOH was administered to all cultures at LC50/2 and LC50 at T = 4h after isolation/seeding. For 

rats, the LC50 of EtOH is 200mM, where LC50 is the concentration that results in 50% cell death 
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(235, 262). Thus, three conditions were used for all cultures: 0mM, 100mM and 200mM EtOH 

added to the culture medium.  

4.3.5 Extraction and measurement of protein 

To extract hepatocyte protein, the collagen gels in CS cultures were digested with collagenase IV 

(231). Hepatocytes thus detached and separated were lysed in the presence of a protease 

inhibitor cocktail (4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, aprotinin, bestatin, E-

64, leupeptin, and pepstatin A) (231).  

To extract jejunum protein, explants were homogenized using a TissueRuptor® homogenizer 

(Qiagen, Hilden, Germany) at setting 8 (2 min per sample). Explant homogenization was 

performed in 0.5 mL lysis buffer supplemented with the protease inhibitor cocktail. Explant 

homogenates were centrifuged at 10,000 x g for 5 min to collect the supernatant. All protein 

samples were aliquoted and frozen at -80°C until further use. The concentrations of protein in cell 

or tissue lysates were subsequently measured using the Bradford assay (Coomassie (Bradford) 

Protein Assay Kit; Thermo Fisher Scientific) as previously described (231).  

4.3.6 Measurement of ALP activity  

ALP activity was measured using a commercially sourced kit (Abcam, Cambridge, UK) as per the 

manufacturer’s protocol (263, 264). Briefly, jejunum and hepatocyte lysates were incubated with 

para-nitrophenyl phosphate (pNPP) substrate for 1h at 25 °C to quantify the extent of the 

dephosphorylation reaction. The colorimetric reaction was ended, and the absorbance was 

measured at 405 nm to quantify the chromogen para-nitrophenol (pNP). A standard curve was 

generated using the ALP enzyme and pNPP substrate supplied by the manufacturer.  ALP activity 

was calculated as defined by the manufacturer 

𝐴𝐿𝑃 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = ,  
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where A = concentration of pNP generated in samples (µmol), V = volume of sample (mL), T = 

reaction time (min). ALP activity was normalized to the total protein measured in each sample.  

4.3.7 Measurement of lysozyme activity  

Lysozyme activity was measured using a commercially available fluorometric assay kit 

(EnzChek™ Lysozyme Assay Kit, Thermo Fisher Scientific) (265). Spent culture media was used 

to conduct the assay following the manufacturer’s protocol. Briefly, spent culture media was 

incubated with lysozyme substrate provided by the manufacturer (fluorescein-conjugated 

Micrococcus lysodeikticus cell walls). After a 2h incubation at 37°C, fluorescence was measured 

at the excitation and emission wavelengths of 485 nm and 538 nm, respectively. A standard curve 

was utilized to determine the lysozyme activity values. Activity was normalized to protein content.  

4.3.8 Measurement of alcohol dehydrogenase ADH activity 

ADH activity was measured using a commercially sourced assay kit (BioVision, Inc.) as per the 

manufacturer’s instructions (266, 267). Briefly, jejunum explant lysates and hepatocyte lysates 

were incubated with an isopropanol substrate and reduced nicotinamide adenine dinucleotide 

(NADH) at 37 °C, and the absorbance was measured at 450 nm at 3 min and 30 min to quantify 

the conversion of oxidized nicotinamide adenine dinucleotide (NAD+) to the reduced form NADH 

by ADH-mediated metabolism of the isopropanol substrate. A standard curve was generated 

using NADH provided by the manufacturer. Activity was calculated as defined by the manufacturer 

𝐴𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = , 

where A = amount of NADH generated in the reaction (in nmol), V = volume of sample used in 

mL, T = time difference between the first and the last absorbance measurements = 30 min – 3 

min = 27 min.   

4.3.9 TNF-α measurements 
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Concentration of TNF-α in the jejunum lysates was quantified using a commercially available 

ELISA kit (R&D Biosciences) following the manufacturer’s protocols (231, 268). Absorbance was 

measured at a wavelength of 450 nm and used to determine concentrations using a standard 

curve. TNF-α measurements were normalized to protein concentrations.  

4.3.10 Cryosectioning of jejunum explants  

Explants were fixed with 3% (w/v) glutaraldehyde at 4°C for 7h as described previously (265). 

Fixed explants were washed with PBS (1X). Thereafter, the explants were sequentially incubated 

in a 15% (w/v) sucrose solution for 5 min and 30% (w/v) sucrose solution for 15 min. Samples 

were then incubated in Tissue-Tek Optimal Cutting Temperature (OCT) compound (Electron 

Microscopy Sciences, Hatfield, PA) for 15 min to equilibrate. Samples were then embedded in 

OCT compound in cryomolds using isopentane partially frozen with liquid nitrogen as described 

previously (236, 265). Cryosections of thickness 10 µm were obtained from the embedded 

samples to visualize the different radial layers of the intestine. All samples were stored at -80°C 

until further use. Before any staining procedure, all cryosections were fixed at room temperature 

for 20 min with 3% (w/v) glutaraldehyde (in PBS (1X)).  

4.3.11 Hematoxylin and Eosin (H&E) staining of jejunum explants and hepatocytes 

Jejunum sections and hepatocytes were stained with Mayer’s H&E using a protocol described 

before (237). Briefly, fixed cryosections and hepatocyte CS cultures were incubated with Mayer’s 

hematoxylin solution, followed by rinsing in warm water pH adjusted to 8.2-8.4). Hematoxylin-

stained sections and CS cultures were then equilibrated in 95% (v/v) EtOH and stained further 

with Eosin Y solution (0.5% (w/v), in 95% (v/v) EtOH alcoholic solution, pH = 4.2 - 4.3). Eosin-

stained cryosections and CS cultures were decolorized using 95% (v/v) EtOH until the eosin stain 

stopped streaking. Stained samples were dehydrated for 2 min in 95% (v/v) EtOH, followed by a 
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2 min incubation in absolute EtOH (100% v/v) before mounting with Cytoseal™ 60 (Thermo Fisher 

Scientific). 

4.3.12 Alcian blue (AB)/Periodic acid-Schiff’s base (PAS) staining of jejunum 

explants and hepatocytes 

Cryosections from jejunum explants were stained with AB/PAS for intestinal mucins. Hepatocytes 

in CS alone cultures were also stained as controls. AB/PAS staining was performed as described 

before, using protocols adapted from previously described procedures (238, 269). Briefly, 

samples were incubated for 2.5 h with Alcian blue dye (1% (w/v) in 3% (v/v) acetic acid, pH = 2.5) 

after equilibration with 3% (v/v) acetic acid. Stained samples were rinsed briefly in 3% (v/v) acetic 

acid to remove non-specific stain. Stained samples were then sequentially incubated in 0.1% 

(w/v) periodic acid and Schiff’s reagent. Subsequently, the samples were washed in tap water for 

10 min and rinsed in deionized water.  Finally, all samples were serially dehydrated in 95% (v/v) 

EtOH and absolute EtOH for 2 min each before mounting with Cytoseal™ 60. 

4.3.13 Morphometric analyses  

Villus area was determined using FIJI (ImageJ software, NIH) (239) by outlining individual villi as 

visualized through the H&E staining (n = 20 villi per condition). The extent of Alcian blue staining 

was quantified by calculating the fraction of each cryosection stained with the dye. This was 

performed in FIJI (n = 3 cryosections per condition) by thresholding complete images of 

cryosections using the hue, saturation and brightness (HSB) color model under the color threshold 

plugin. Blue areas were isolated in the AB/PAS images by adjusting the hue and saturation 

parameters. Mucin-covered area fraction was subsequently calculated by dividing the area of blue 

regions by the total area of the cryosection.  

4.3.14 Statistical analyses 
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Statistical significance was determined by obtaining p-values through one-tailed student’s t-tests. 

Unequal/equal variance was assumed when the sample sizes were unequal/equal respectively 

between the groups being compared. All p-values were corrected for multiple hypotheses testing 

using Bonferroni correction. For all tests of statistical significance, α = 0.05. Data have been 

reported as mean ± standard deviation, with n denoting the sample size.   

4.4 Results  

4.4.1 Integration of hepatocytes and jejunum explants  

Explants obtained from the proximal, medial and distal regions of the jejunum were integrated 

with collagen sandwich models of primary rat hepatocytes. Integrated cultures were treated with 

EtOH at concentrations of 100mM (LC50/2) and 200mM (LC50) (235, 262). Millicell® inserts with 

jejunum explants were placed above collagen sandwich cultures of rat hepatocytes approximately 

4h after isolation of the explants (Figure 4.2). Integrated cultures with proximal, medial and distal 

jejunum explants have been called ‘proximal integrated’, ‘medial integrated’ and ‘distal 

integrated’ cultures respectively.  
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Figure 4.2: Schematic depicting the timeline for culture and EtOH treatment of jejunum explants 

with/without hepatocyte collagen sandwich (CS) cultures. 
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4.4.2 Effect of EtOH on explant protein 

Changes in jejunum protein were calculated to evaluate the effect of EtOH on explant viability 

(Figures 4.3A-C). Jejunum protein decreased by 31% (p ≤ 0.05) in proximal jejunum explants 

cultured alone and treated with 200mM EtOH compared to untreated controls. The decrease at 

100mM was not significant (17%, p > 0.05). Similarly, jejunum protein in proximal integrated 

cultures decreased by 23% and 32% (p ≤ 0.05 for both) with 100mM and 200mM EtOH 

respectively. However, no significant changes in explant protein were observed in medial and 

distal jejunum alone or integrated cultures. These trends show the toxic effects of EtOH to the 

proximal jejunum in culture at both LC50/2 and LC50. Proximal integrated cultures showed 

increased sensitivity as a significant decrease in protein was observed even at 100mM.  

 

Figure 4.3: Effects of EtOH on (A-C) proximal, medial and distal jejunum protein and (D) 

hepatocyte protein with 0, 100 and 200mM EtOH. (A-C) * and # denote p ≤ 0.05 relative to untreated 
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jejunum alone and integrated groups, respectively; (D) # and & denote p ≤ 0.05 relative to 0mM 

and 100mM groups, respectively. 

4.4.3 Effect of EtOH on hepatocyte protein 

Hepatocytes in CS alone as well as integrated cultures from all 3 jejunum locations exhibited a 

significant protein decrease in protein at 200 mM EtOH (Figure 4.3D). Hepatocyte protein 

decreased by 30% (p ≤ 0.05) in CS alone cultures treated with 200mM EtOH. In both proximal 

and medial integrated cultures, hepatocyte protein content decreased by ~40% at 200mM EtOH 

(p ≤ 0.05). Hepatocytes in distal integrated cultures showed a significant decrease in protein 

content at both 100mM and 200mM EtOH (24% and 34%, respectively; p ≤ 0.05 for both). These 

results show the toxic effects of EtOH to hepatocytes cultured alone or with jejunum explants.  

4.4.4 Effect of EtOH on ALP activity in jejunum and hepatocytes 

ALP activity was measured in lysates from jejunum explants as well as hepatocytes as a marker 

of toxicity. In proximal jejunum alone, ALP activity increased by 54% and 67% (p ≤ 0.05 for 

both) when treated with 100 mM and 200 mM EtOH respectively (Figure 4.4A). In proximal 

integrated cultures, greater increases of 2.3- and 1.8-fold in jejunum ALP activity were observed 

at 100 mM and 200 mM EtOH, respectively (p ≤ 0.05 for both). The trends in medial jejunum 

cultures were different from those observed in the proximal jejunum. In medial jejunum alone 

cultures, the jejunum ALP activity increased significantly by 79% with 100 mM EtOH, but only by 

47% with 200 mM EtOH (p ≤ 0.05 for both) (Figure 4.4B). Interestingly, jejunum ALP activity in 

medial integrated cultures did not change significantly at 100 mM EtOH (p > 0.05). However, at 

200 mM EtOH, the ALP activity increased significantly by 2.8-fold (p ≤ 0.05). The distal jejunum 

alone cultures were not sensitive to EtOH-induced changes in ALP activity. In distal jejunum 

alone cultures, the jejunum ALP activity did not change significantly with 100 mM or 200 mM 

EtOH (Figure 4.4C). However, in distal integrated cultures, the ALP activity increased by 1.8-
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fold at 200 mM EtOH (p ≤ 0.05). Taken together, effects of both integration and location of jejunum 

explants were observed on EtOH toxicity to these cultures.  

ALP activity was also measured in hepatocyte lysates. In CS alone cultures, hepatocyte ALP 

activity did not change significantly when treated with EtOH (Figure 4.4D). However, significant 

changes in hepatocyte ALP activity were observed in the integrated cultures (Figure 4.4D). In 

proximal integrated cultures, the hepatocyte ALP activity increased by 70% with 100 mM and 

66% with 200 mM EtOH (p ≤ 0.05 for both) compared to untreated controls. In medial integrated 

cultures, hepatocyte ALP activity increased by 38% (p > 0.05) at 100 mM and by 75% (p ≤ 0.05) 

at 200 mM EtOH compared to untreated controls. The hepatocytes in distal integrated cultures 

behaved differently at the two concentrations of EtOH and did not follow the same trends as the 

integrated cultures with explants from the other two jejunum locations. At 100 mM EtOH, a 75% 

increase in hepatocyte ALP activity was observed, but this increase was not significant (p > 0.05). 

However, at 200 mM, no significant changes in ALP activity were observed (p > 0.05).  
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Figure 4.4: Effects of EtOH on (A-C) proximal, medial and distal jejunum ALP activity and (D) 

hepatocyte ALP activity with 0, 100 and 200mM EtOH. (A-C) * and # denote p ≤ 0.05 relative to 

untreated jejunum alone and integrated groups, respectively and & denotes p ≤ 0.05 relative to 

integrated 100mM group; (D) # denotes p ≤ 0.05 relative to 0mM group. 

4.4.5 Effect of EtOH on lysozyme activity 

Effect of EtOH on Paneth cell function in the jejunum was evaluated through the measurement of 

lysozyme activity (227). Upon treatment with 200 mM EtOH, lysozyme activity in the spent culture 

media increased by 2.3-fold and 2-fold in alone and integrated cultures of the proximal jejunum 

respectively (p ≤ 0.05 for both) (Figure 4.5A). At the LC50/2 of 100 mM, lysozyme activity in 

proximal integrated cultures increased by 45%, but this increase was not significant (p > 0.05). 

In the medial jejunum, lysozyme activity changed significantly only in integrated cultures at 200 

mM EtOH. The activity increased by 50% at 100 mM (p > 0.05) and by 1.8-fold at 200 mM EtOH 
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(p ≤ 0.05) (Figure 4.5B). Interestingly, in the distal jejunum, lysozyme activity changed 

significantly only in jejunum alone cultures (Figure 4.5C). In distal jejunum alone, lysozyme 

activity increased significantly by 52% and 69% at 100 mM and 200 mM EtOH, respectively (p ≤ 

0.05 for both). Similar changes were observed in distal integrated cultures where the lysozyme 

activity increased by 50% (p > 0.05) at 100 mM and 69% (p > 0.05) at 200 mM EtOH.  

Lysozyme activity in hepatocyte only cultures was similar to basal concentration detected in the 

fresh media (Figure 4.5D). Further, no changes in lysozyme activity were observed in hepatocyte 

only cultures treated with EtOH (Figure 4.5D). This was expected because hepatocytes are not 

known to secrete lysozyme.  

 

Figure 4.5: Effects of EtOH on (A-C) proximal, medial and distal jejunum lysozyme activity and (D) 

hepatocyte lysozyme activity with 0, 100 and 200mM EtOH. (A-C) * and # denote p ≤ 0.05 relative to 
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untreated jejunum alone and integrated groups, respectively and & denotes p ≤ 0.05 relative to 

alone 100mM group. 

4.4.6 Effect of EtOH on ADH activity in jejunum and hepatocytes  

ADH activity was measured to investigate if EtOH induced the activity of this enzyme upon 

treatment. Jejunum ADH activity in proximal jejunum alone cultures did not change significantly 

with EtOH treatment (Figure 4.6A). However, in proximal integrated cultures, ADH activity 

increased by 2-fold with 100 mM and 2.7-fold with 200 mM EtOH (p ≤ 0.05 for both). In medial 

jejunum cultures, an induction of ADH activity was observed in both alone and integrated cultures 

only at 200 mM EtOH (Figure 4.6B). In medial alone cultures, ADH activity increased by 67% (p 

≤ 0.05) whereas in medial integrated cultures, the increase was 3.2-fold (p ≤ 0.05). Jejunum 

ADH activity increased by ~3.5-fold in distal jejunum alone cultures treated with 100 mM or 200 

mM EtOH (p ≤ 0.05 for both) (Figure 4.6C). In distal integrated cultures, the jejunum ADH activity 

increased by 2.8-fold when treated with 100 mM (p > 0.05) and by 3.2-fold at 200 mM EtOH (p ≤ 

0.05). Compared to proximal alone and medial alone cultures, integrated cultures again 

exhibited increased sensitivity to EtOH treatment.  

ADH activity was also measured in hepatocyte lysates. In the hepatocyte homogenates obtained 

from CS alone cultures, no significant changes in ADH activity were detected when treated with 

100 mM or 200 mM EtOH (Figure 4.6D). An induction in hepatocyte ADH activity was observed 

at 200 mM EtOH in both proximal and medial integrated cultures. At 200 mM EtOH, hepatocyte 

ADH activity increased by 2-fold (p ≤ 0.05) in proximal integrated cultures, and only by 36% (p 

≤ 0.05) in medial integrated cultures. Interestingly, in medial integrated cultures treated with 

100 mM EtOH, the hepatocyte ADH activity decreased by 37% compared to untreated controls 

(p ≤ 0.05). Decreases in ADH activity were also observed in proximal and distal integrated 

cultures at 100 mM (31% and 14%, respectively), but these changes were not statistically 
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significant (p > 0.05). No significant changes were observed in hepatocyte ADH activity in distal 

integrated cultures at either EtOH concentration.    

 

Figure 4.6: Effect of EtOH on ADH activity in (A) proximal, (B) medial and (C) distal jejunum and 

(D) hepatocytes. (A-C) * and # denote p ≤ 0.05 relative to untreated jejunum alone and integrated 

groups, respectively and & denotes p ≤ 0.05 relative to integrated 100mM group; (D) # and & 

denote p ≤ 0.05 relative to 0mM and 100mM groups, respectively. 

4.4.7 Effect of EtOH on TNF-α 

Levels of the pro-inflammatory cytokine TNF-α were measured in the jejunum. Paneth cells are 

the primary source of TNF-α in these cultures. In proximal jejunum alone and integrated 

cultures treated with 200 mM EtOH, TNF-α in the jejunum was significantly increased by ~1.9-

fold and 1.7-fold, respectively (p ≤ 0.05) (Figure 4.7A). However, no significant changes in TNF-
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α levels were observed in medial or distal jejunum cultures with EtOH treatment (p > 0.05) 

(Figure 4.7B and C).  

TNF-α levels were also measured in hepatocyte only cultures. The TNF-α concentrations in 

hepatocyte only cultures also did not vary with EtOH treatment (Figure 4.7D).   

 

Figure 4.7: Changes in TNF-α concentrations in (A) proximal, (B) medial and (C) distal jejunum and 

(D) hepatocytes in CS alone cultures with EtOH treatment. * and # denote p ≤ 0.05 compared to 

jejunum alone and integrated untreated controls respectively and & denotes p ≤ 0.05 relative to 

integrated 100mM group. 

4.4.8 Effect of EtOH on villus morphology 

Villus morphology was visualized using H&E staining. Damage incurred to the villus architecture 

in explants treated with EtOH was observed in all cultures (Figures 4.8A-M, 4.9A-M and 4.10A-
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M). Morphometric analysis was performed on H&E stained sections to compare villus area 

between untreated and treated samples. Significant decreases in villus area were observed in 

both jejunum alone and integrated cultures at all 3 locations and both EtOH concentrations. Villus 

area decreased by 29% and 32% in proximal explants cultured alone when treated with 100 

mM and 200 mM EtOH, respectively (p ≤ 0.05 for both) (Figure 4.8M). In proximal integrated 

cultures, villus area decreased by 20% and 29% with 100 mM and 200 mM, respectively (p ≤ 0.05 

for both). Similarly, villus area decreased by 40% and 32% in medial alone cultures at 100 mM 

and 200 mM EtOH, respectively (p ≤ 0.05 for both) (Figure 4.9M). In medial integrated cultures, 

villus area decreased significantly by 29% at both 100 mM and 200 mM EtOH (p ≤ 0.05 for both). 

In distal jejunum alone cultures, villus area decreased by 21% and 32% at 100 mM and 200 mM 

EtOH, respectively (p ≤ 0.05 for both) (Figure 4.10M). In distal integrated cultures, villus area 

decreased by 28% and 27% at 100 mM and 200 mM EtOH, respectively (p ≤ 0.05 for both).  

H&E staining was also performed on rat hepatocytes in CS alone cultures treated with EtOH at 

LC50/2 and LC50 to understand direct effects of EtOH on hepatocyte morphology (Figure 4.11A-

C). As observed through H&E staining, the hepatocyte morphology did not change significantly 

when the CS alone cultures were treated with EtOH for 20 h (Figure 4.11A-C).  
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Figure 4.8: (A-L) Effects of EtOH on proximal jejunum villus morphology and (M) villus area 

determined through H&E staining. B, D, F, H, J and L are higher magnification images of the areas 

bordered by the yellow rectangles in A, C, E, G, I, and K, respectively. * and # denote p ≤ 0.05 

relative to untreated jejunum alone and integrated groups, respectively, n = 20 villi for villus area. 
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Figure 4.9: (A-L) Effects of EtOH on medial jejunum villus morphology and (M) villus area 

determined through H&E staining. B, D, F, H, J and L are higher magnification images of the areas 

bordered by the yellow rectangles in A, C, E, G, I, and K, respectively. * and # denote p ≤ 0.05 

relative to untreated jejunum alone and integrated groups, respectively, n = 20 villi for villus area. 
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Figure 4.10: (A-L) Effects of EtOH on distal jejunum villus morphology and (M) villus area 

determined through H&E staining. B, D, F, H, J and L are higher magnification images of the areas 

bordered by the yellow rectangles in A, C, E, G, I, and K, respectively. * and # denote p ≤ 0.05 

relative to untreated jejunum alone and integrated groups, respectively, n = 20 villi for villus area. 
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Figure 4.11: H&E staining on CS alone controls. (A) 0 mM, (B) 100 mM and (C) 200 mM EtOH. 

4.4.9 Effect of EtOH on acidic mucins  

As visualized through AB/PAS staining, there was a clear difference in the area covered by mucins 

in the jejunum explants after treatment with 100 mM and 200 mM EtOH for 20h (Figures 4.12A-

G, 4.13A-G and 4.14A-G). Mucin area in proximal jejunum alone cultures decreased by 1.7-

fold (p > 0.05) and 2.3-fold (p ≤ 0.05) after treatment with 100 mM and 200 mM EtOH, respectively 

(Figure 4.12G). Mucin area in proximal integrated decreased by 1.9-fold and 2.7-fold at 100 

mM and 200 mM EtOH, respectively (p ≤ 0.05 for both) (Figure 4.12G). Medial jejunum cultures 

responded differently to 100 mM and 200 mM EtOH. While the mucin-covered area fraction 

decreased by 2.1-fold at 100 mM EtOH in medial jejunum alone, the decrease was only 1.4-fold 

at 200 mM EtOH (p ≤ 0.05 for both) (Figure 4.13G). Similarly, in medial integrated cultures, 

mucin-covered area decreased by 2.1-fold at 100 mM EtOH (p ≤ 0.05), but no significant change 

was observed at 200 mM EtOH (p > 0.05). In distal jejunum alone, a significant decrease in 

mucin area was observed only at 200 mM EtOH (3.6-fold; p ≤ 0.05) (Figure 4.14G). No significant 

changes in mucin area were observed in distal integrated cultures.  
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Figure 4.12: (A-F) Effects of EtOH on the proximal jejunum mucus barrier determined through 

AB/PAS staining and (G) mucin-covered area fractions. * and # denote p ≤ 0.05 compared to 

jejunum alone and integrated untreated controls respectively and $ denotes p ≤ 0.05 relative to 

integrated 100mM group. 
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Figure 4.13: (A-F) Effects of EtOH on the medial jejunum mucus barrier determined through 

AB/PAS staining and (G) mucin-covered area fractions. * and # denote p ≤ 0.05 compared to 

jejunum alone and integrated untreated controls respectively; & and $ denote p ≤ 0.05 relative to 

alone integrated 100mM groups, respectively. 
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Figure 4.14: (A-F) Effects of EtOH on the distal jejunum mucus barrier determined through 

AB/PAS staining and (G) mucin-covered area fractions. * and # denote p ≤ 0.05 compared to 

jejunum alone and integrated untreated controls respectively and & denotes p ≤ 0.05 relative to 

alone 100mM group. 
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AB/PAS staining was also performed on rat hepatocytes in CS alone cultures treated with EtOH 

at LC50/2 and LC50 as controls (Figure 4.15A-C). As expected, no mucin deposition was observed 

in the hepatocyte only cultures with or without EtOH (Figure 4.15A-C) (270). 

 

Figure 4.15: AB/PAS staining on CS alone controls. (A) 0 mM, (B) 100 mM and (C) 200 mM EtOH. 

4.5 Discussion and Conclusions 

The lack of primary, multi-tissue, in vitro models of toxicity that mimic the gut-liver connections  

motivated us to develop an integrated model using primary hepatocytes and jejunum from rats 

(252-254). This integrated culture model was employed to investigate EtOH toxicity to the gut-

liver axis in vitro. EtOH was chosen to interrogate these cultures because it is an important 

toxicant encountered by most humans that affects both the gut and the liver (131-137).  

In a previous study, we divided the rat jejunum into three different regions of equal length and 

reported differences in enterocyte, goblet cell and Paneth cell functions between these regions 

(265). In this study as well, explants obtained from three different locations - the proximal, medial 

and distal jejunum - were used to investigate any differences in EtOH toxicity. The effects of EtOH 

exposure on activities of enzymes such as ALP, ADH and lysozyme were investigated in addition 

to jejunum villus morphology, mucus barrier and cytokine secretion. Markers of enterocyte, goblet 

cell and Paneth cell functions showed significant changes in response to EtOH administration, 

demonstrating the toxic effects of EtOH to multiple intestinal cell types in culture.  
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Proximal integrated cultures exhibited decreases in jejunum protein at both 100 mM and 200 mM 

EtOH. The location and presence of hepatocytes in the cultures could both have played a role. 

The presence of CS cultures could have led to EtOH metabolism by both the jejunum and the 

hepatocytes. Hepatocyte protein in distal integrated cultures decreased significantly even at 100 

mM EtOH. This could be due to a combined effect of EtOH toxicity and higher endotoxin levels in 

the distal cultures (131, 271). Endotoxin levels have not been measured in the present study, but 

further investigations would be performed in the future to understand their importance.  

Jejunum and hepatocyte ALP activities increased upon treatment with EtOH. Increase in hepatic 

ALP activity due to EtOH has been reported in vivo and a similar mechanism has been suggested 

for intestinal ALP activity as well (272). For example, one study reported that hepatic ALP activity 

increased by ~63% with EtOH treatment in rats in vivo (272). Additionally, endotoxins such as 

lipopolysaccharide (LPS) have been shown to induce both the expression and activity of intestinal 

ALP (273). Induction of ALP in the intestine has been linked to inflammation (274). Future studies 

may also benefit from an investigation of gut bacteria-associated changes in ALP activity upon 

EtOH administration (275). In the distal integrated cultures, potential damage to the hepatocytes 

at 200 mM EtOH, as evidenced by the loss in hepatocyte protein observed with both 100 mM and 

200 mM EtOH, could have led to a decreased ALP activity. Measurement of ALP activity in the 

culture media could help understand this mechanism as hepatocyte damage may be associated 

with an increase in media ALP activity due to release of the enzyme form damaged cells into the 

media (276). It is possible that hepatocyte-derived factors such as bile acids are causing the 

increased differences in jejunum ALP activity in the integrated cultures. Investigation of secreted 

factors such as bile acids that are affected by both the hepatocytes and the intestine that may 

affect ALP activity would elucidate the trends observed in jejunum ALP activity in integrated 

cultures. For example, bile acids such as taurocholic acid have been shown to induce ALP activity 

in hepatocytes (277). We have also observed a correlation between ALP activity and taurocholic 
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acid levels in our studies. In Chapter 3, the ALP activity in distal jejunum samples was found to 

be significantly lower than the proximal and medial jejunum at 4h. Correspondingly, in Chapter 

5, the concentration of taurocholic acid has been detected to be significantly lower in the distal 

jejunum compared to the proximal and medial jejunum at 4h. It would be interesting to explore 

this metabolite in EtOH treated cultures as well.  

Lysozyme activity, a marker of Paneth cell function, also increased in response to EtOH. EtOH 

has been reported to increase both the number of Paneth cells and the secretion of antimicrobial 

peptides from these cells in the gastrointestinal tract in vivo (278, 279). The increase in lysozyme 

activity observed in the present study could be due to EtOH-induced secretion of antimicrobial 

peptides from Paneth cells (278). While the present study does not investigate other antimicrobial 

peptides, more detailed studies would be conducted in the future to understand the effects of 

EtOH on Paneth cells.  

ADH activity was induced in both jejunum explants and hepatocytes in integrated cultures in 

response to EtOH. Induction of ADH activity due to EtOH in both the intestine and the liver has 

been demonstrated in in vivo studies (280, 281). For example, a ~1.8-fold increase in intestinal 

ADH activity with EtOH treatment was reported in rats in vivo (281). Similarly, a ~40% increase 

in rat hepatic ADH activity with EtOH treatment was also reported in vivo (281). The decrease in 

hepatocyte ADH activity at 100 mM in may be due to varied effects of different EtOH doses to the 

ADH isoforms expressed in the liver (282). For example, in the mouse liver, activity of ADH I 

isoform decreased due to EtOH at lower (millimolar) concentrations, while that of the ADH III 

isoform increased at higher (molar) concentrations in a dose-dependent manner (282). Since 

various ADH isoforms are also expressed in rat hepatocytes (283), a delineation of the activities 

of these different isozymes may be beneficial in further explaining the results observed.  

Furthermore, the reason for the distal jejunum alone cultures exhibiting a high increase in ADH 

activity even at 100 mM EtOH is not yet explained. While the other modes of EtOH metabolism 
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(CYP2E1 and catalase) in the intestine and the liver are less prominent compared to the ADH 

pathway, their expression as well as activity can be induced by EtOH (284, 285). In the future, 

measurement of CYP2E1 and catalase activities would provide comprehensive information on 

the mechanism of EtOH metabolism in the different regions of the jejunum and in hepatocytes. 

Further insight may be gained by delineation of the different ADH isoforms expressed in the rat 

intestine (286).   

The secretion of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 has been found to be 

upregulated in the murine small intestine and liver after chronic exposure to EtOH (287). This 

study focused on measurements of TNF-α in protein lysates from the jejunum explants as 

intestinal epithelial cells are known to express TNF-α. In the present study, significant increase in 

TNF-α due to EtOH was observed only in proximal jejunum cultures. Contrary to the expectation 

of increased expression of TNF-α in medial and distal jejunum explants due to EtOH, gut bacteria 

and associated endotoxin levels, we did not observe any change in these regions in the present 

study. Arya et al demonstrated that an increase in TNF-α expression due to LPS (endotoxin) in 

the rat intestinal tissue lysates was time- and location-dependent (288). In their study, the amount 

of intestinal TNF-α protein increased to a maximum by 1 h of LPS exposure in the jejunum and 

ileum, and by 2 h of LPS exposure in the duodenum. The TNF-α levels then decreased to close 

to untreated controls by 3 h. At 3 h and 4 h, the TNF-α levels in the jejunum were higher than the 

ileum, although not statistically significant (288). This trend is similar to the differences between 

the proximal, medial and distal jejunum observed in the present study. Increased TNF-α 

expression, as observed in the proximal jejunum 20h after EtOH treatment in the present study,  

has been correlated to increased cell death in the intestine (289). The increased sensitivity of 

proximal jejunum cultures to EtOH in protein measurements could be due to the increased TNF-

α expression in the proximal jejunum after EtOH administration in this segment. EtOH-induced 
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secretion of TNF-α could also have partially played a role in the changes in villus morphology and 

mucus barrier of the proximal jejunum observed in this study (287).  

Morphometric measurements revealed drastic changes in villus area upon EtOH administration. 

In vivo, both acute and chronic EtOH administrations have been shown to cause villus damage 

that manifests as contraction and shortening of the villi (152, 153).  However, the mechanism of 

this change has not been clearly described. The loss of villus morphology observed in this study 

correlates with previous reports of damage to villi due to EtOH in vivo (152, 153, 290). For 

example, Baraona et al reported a ~24% decrease in villus height as a result of EtOH treatment 

in rats (152). 

EtOH can affect the mucus barrier in different ways. Rats treated with EtOH have higher luminal 

mucus content and lower mucosal hydrophobicity than the untreated animals, showing that EtOH 

can modify the mucus barrier by itself (291). In addition, TNF-α is an important regulator of mucin 

expression and secretion by goblet cells (292). Several mechanisms have been described for this 

dependence. TNF-α leads to apoptosis of Muc2 producing goblet cells (292). The change in 

mucus barrier area in the current study could be a result of both direct effects of EtOH and TNF-

α -induced effects. The decrease in acidic mucins in medial and distal jejunum cultures cannot be 

explained by changes in TNF-α. Interestingly, while a decrease in mucin area was consistently 

observed in proximal jejunum cultures, the integrated cultures of medial and distal jejunum did 

not show any decrease at 200 mM EtOH. There are different mechanisms that can either cause 

upregulation or downregulation of mucin expression and secretion in the intestine as a result of 

EtOH. A combination of these opposing mechanisms working together may explain these results. 

Grewal et al reported an increase in mucin secretion in rats fed EtOH chronically (293). This was 

also accompanied by an increase in ALP activity detected in the mucins isolated from EtOH-fed 

rats. In the study, the increase in ALP activity was attributed to enterocyte brush border 

membranes trapped in the mucus layer (293). Additionally, LPS and other bacterial products from 
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both gram-negative and gram-positive bacteria have also been shown to upregulate Muc2 

expression (294-296). A combination of mechanisms working to increase and decrease mucin 

production in the cultures could be responsible for the trends observed. Further investigation into 

the mechanisms responsible for such changes would help understand these results.  

In vivo studies have revealed that the effects of acute EtOH toxicity are reversible owing to 

regeneration of damaged villi (297-299). The present study does not investigate recovery and 

regeneration of the intestinal mucosa. In the future, a study can be designed in which EtOH-

containing media is removed after 10 h of administration and fresh media (without EtOH) is added 

to the explants for another 10 h before ending the cultures. Samples would be collected for 

imaging the villi and the acidic mucins as well as measurements of enzymatic activities. This study 

design would help understand any regeneration and recovery occurring after the toxicant is 

removed from the cultures.  

Direct toxicity effects of EtOH to the intestine were observed in the present study. Similar 

observations have been reported in vivo (152, 153). Direct effects of acute EtOH toxicity on the 

liver such as its effects on fatty acid oxidation and triacylglycerol synthesis have also been 

reported in vivo (300). In future investigations, fatty acid metabolism and an analysis of 

corresponding metabolites in CS alone cultures could be explored to understand direct effects of 

EtOH on the liver. Additionally, the directionality of the effects of EtOH can be investigated by 

designing an experiment where conditioned media from jejunum alone cultures treated with EtOH 

is supplemented to hepatocyte only cultures and vice versa.  

Taken together, our results from this study highlight two important factors that could affect the of 

the jejunum and hepatocyte cultures to EtOH toxicity: (1) the location from where the jejunum 

explants are obtained, and (2) the effect of integration of jejunum explants with hepatocytes. 

Integrated cultures with explants from the proximal jejunum were the most sensitive to EtOH 

toxicity in vitro. Jejunum and hepatocyte protein, activities of ALP, ADH and lysozyme, and villus 
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and mucin areas exhibited trends anticipated from in vivo reports. These results underscore the 

importance of integrating the two organs in order to recapitulate the in vivo response to EtOH 

toxicity. Moreover, location along the jejunum could be an important factor affecting the toxic 

response. In the future, such integrated cultures of the jejunum and hepatocytes could be useful 

to investigate the toxicity of other drugs and toxicants in the pharmaceutical industry. 
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Chapter 5: Spatiotemporal Variation in Metabolites in In Vitro 

Cultures of the Rat Jejunum and Hepatocytes  

5.1 Abstract 

Mass spectrometric (MS) techniques have been used extensively for investigating a range of 

phenomena including disease and drug metabolism. In vivo gut metabolomics studies have 

commonly been conducted on fecal samples, intestinal contents, urine or blood samples from 

animals. Despite the presence of numerous metabolomic studies on the intestine in vivo, to the 

best of our knowledge, there are no studies that have investigated spatiotemporal variations in 

the secreted metabolome of the intestine in vitro. Moreover, in vitro studies that investigate the 

metabolites in an integrated intestine-liver model are also lacking. In the present study, we 

focused on an untargeted analysis of lipophilic compounds (bile acids and fatty acids, and 

lipophilic media components) in the negative ion mode. The differences in metabolites were 

evaluated at 2 different time points in culture (4h and 24h), across 3 locations within the jejunum 

(proximal, medial and distal) and in two different culture types (jejunum explants cultured alone 

or integrated with hepatocytes in collagen sandwich cultures). Lipids including bile acids, 

lysophosphatidylcholines and fatty acids were identified in the conditioned culture media and 

compared to their levels in unconditioned media controls. Spatiotemporal trends were observed 

within the jejunum in vitro that may be correlated to bile acid and fatty acid metabolism pathways 

in the intestine. More extensive investigations of the pathways involved could provide useful 

insights into the spatiotemporal trends in the jejunum cultured with and without hepatocytes.     
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5.2 Introduction  

As the metabolite profile of an organism or system most closely aligns with an observed 

phenotype, assessing the ‘metabolome’ of a system of interest provides a means to characterize 

the observed physiology. Mass spectrometric (MS) techniques have been extensively used for 

investigating the metabolome (154-156), with liquid chromatography-mass spectrometry (LCMS) 

analyses applied to a wide range of diseases such as osteoarthritis, coronary heart disease, 

cancer and neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease 

(155, 157-160). LCMS techniques have also been used to study drug metabolism by the liver, 

intestine, and the intestinal microbiota (161-163). As the small intestine and the liver regulate 

several physiological functions including metabolism of oral drugs, bile acid homeostasis, 

inflammation and nitrogen homeostasis (23, 112), LCMS has been widely used in investigations 

of drug metabolism, amino acid metabolism as well investigations of several intestinal and serum 

lipids including bile acids and fatty acids (164-166).  

LCMS-based metabolomics can be performed in targeted or untargeted fashion (171, 301). A 

targeted analysis is performed to quantify specific known compounds of interest (301). Calibration 

curves are generated using standards for the compounds of interest, and the samples are 

analyzed to determine their concentrations (301). An untargeted analysis is performed when little 

is known about the system of interest (171, 302). Samples are obtained and analyzed with the 

MS operated in either positive or negative ion mode (or both) (303-305). Depending on the class 

of compounds that needs to be investigated, choices also have to be made with respect to the 

chromatography media, favoring either polar or non-polar compounds (306). The vast majority of 

untargeted metabolomics studies utilize a reversed-phase separation (polar compounds elute 

first), analyzing in both positive and negative ion modes (306).  
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Electrospray Ionization (ESI) is one of the ways to ionize molecules for MS analysis (307, 308). 

Depending on the polarity used for ESI, samples can be analyzed in positive or negative ion mode 

(307, 309). In the positive ion mode, positively charged ions such as protonated molecules 

(referred to as [M+H]+), or molecules with adducts such as with Na+ or K+ ions ([M+Na]+, [M+K]+) 

may be formed (307). In the negative ion mode, deprotonation ([M-H]-) or formation of molecular 

adducts with Cl- ([M+Cl]-) or formate ions may take place (309). Most lipidomics analyses, 

including identification of fatty acids and taurine-conjugated bile acids, are performed in the 

negative ion mode (306, 310, 311).  

Untargeted metabolomics studies are challenging as there are no streamlined databases to 

identify compounds, nor is there a full list of all expected metabolites in any system (302). Each 

ion (and hence metabolite) therefore must be evaluated individually, requiring a retention time vs. 

mass map from all LCMS runs (312). Knowledge of the potential metabolites present in the 

samples being analyzed is key to limiting the list of compounds that may be present, as are their 

retention times on a LC run (312). Employing a high resolution/high mass accuracy MS can aid 

in identification as high mass accuracy can oftentimes lead to a molecular formula (312). The 

observed ion at high resolution, along with the retention time on the column, form an exact mass-

retention time pair (EMRT), or simply referred to as a feature (313). When coupled with ion 

intensities, these features and relative abundances can be searched to find differences between 

samples (313). The differences can be visualized with principal component analyses (PCA) and 

subsequently ranked according to relative abundance differences (314, 315). Once a ranking has 

been obtained, efforts are taken to identify the metabolites associated with the observed mass 

and its fragmentation pattern (312). 

Most of the in vivo studies on intestinal metabolites have focused on the gut microbiome (162, 

167, 168). Chen et al (162) and Vernocchi et al (167) described the importance of metabolomics 

studies in understanding host-microbiota interactions in the intestine. In vivo gut metabolomics 
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studies have commonly been conducted on fecal samples or intestinal contents, intestinal tissues 

or urine or blood samples from animals in both targeted and untargeted manner (165, 168-170).  

Recently, Yuan et al reported variation in gut metabolites along the length of the baboon small 

intestine in vivo (170). Their study involved an untargeted LCMS-based metabolomics study using 

tissue samples from different intestinal segments from the duodenum to the distal colon. They 

correlated the metabolite data with results from 16s-rRNA sequencing from the same tissues. 

They found that taurine-conjugated bile acids and fatty acids such as linoleic acid and 

docosahexaenoic acid were present in higher concentrations in the small intestine compared to 

the colon. On the other hand, metabolites such as cholic acid, lysophosphatidylcholine and 

sphingomyelin were present at higher concentrations in the colon.   

Mass spectrometric analyses of metabolites in in vitro intestinal cultures have focused on 

identification of metabolites of a drug or toxicant administered to Caco-2 cells (172, 173). Similar 

studies on intestinal drug metabolism using LCMS have been conducted using other in vitro 

systems such as primary enterocytes or intestinal contents (174). Ho et al (163) employed LCMS 

to study the metabolism of several drugs and toxicants including midazolam, paclitaxel and 

diclofenac by primary human enterocytes. Nepal et al (174) incubated gastrodin with intestinal 

contents from rats to investigate microbial metabolism of the drug in vitro.  

LCMS has also been used to study the effect of gut bacterial metabolites on hepatocytes in vitro 

(169). In this study, the effect of a tryptophan metabolite formed from bacterial metabolism were 

studied suing hepatocytes and macrophages. Indole-3-acetate was found to be capable of 

modulating inflammatory responses from the hepatocytes and the macrophages using cell lines. 

The importance of enterohepatic circulation between the gut and the liver in the progression of 

primary sclerosing cholangitis in vivo was also investigated by conducting metabolomic analysis 

of portal blood (316).   
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Despite the presence of numerous metabolomic studies on the intestine in vivo, to the best of our 

knowledge, there are no studies that have investigated spatiotemporal variations in the secreted 

metabolome of the intestine in vitro. Moreover, in vitro studies that investigate the metabolites in 

an integrated intestine-liver model were also not found.  

In Chapter 3, it was demonstrated that the spatial variation along the length is not limited to the 

different longitudinal sections of the small intestine alone. Functional markers for different cell 

types in the intestinal epithelium vary even within the jejunum in vitro. In the present study, we 

focused on an untargeted analysis of lipophilic compounds (i.e., bile acids and fatty acids, and 

lipophilic media components) in both positive and negative ion modes. We hypothesized that the 

secretion, metabolism or both of metabolites in in vitro jejunum cultures would vary with the 

location of intestinal explants, time in culture, and with integration with hepatocytes. The 

differences in metabolites were evaluated at 2 different time points in culture (4h and 24h), across 

3 locations within the jejunum (proximal, medial and distal) and in two different culture types 

(jejunum explants cultured alone or integrated with hepatocytes in collagen sandwich cultures).   

5.3 Materials and Methods  

Calcium chloride, chloroform, collagenase type IV, gentamicin sulfate, glucagon, 4-(2-

hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES), hydrocortisone were purchased from 

Sigma-Aldrich (St. Louis, MO). Unless stated otherwise, all other chemicals were purchased from 

Thermo Fisher Scientific (Waltham, MA).  

5.3.1 Collagen extraction 

Type I collagen was extracted from rat tail tendons as previously described (231). Briefly, the 

tendons were dissolved in 3 % (v/v) acetic acid and centrifuged at 13,000 x g. Collagen was 

precipitated from the supernatant with 30 % (w/v) sodium chloride. The suspension of precipitated 

collagen was further centrifuged at 8,500 x g and the pellets were resuspended in 0.6 % acetic 
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acid. The resulting solution was dialyzed in 1 mN hydrochloric acid. The concentration of collagen 

in the solution was determined through its absorbance at 280 nm. The pH of the solution was 

maintained at 3.1. The collagen solution was sterilized with chloroform before using it to cast gels 

for cell culture. 

5.3.2 Isolation and culture of primary rat hepatocytes 

Primary hepatocytes were obtained from the livers of female Lewis rats weighing 180-210 g 

(Envigo, Indianapolis, IN) after an in situ two-step collagenase perfusion as described before 

(231) (234). All animal care and surgical procedures were approved by the Virginia Tech 

Institutional Animal Care and Use Committee (IACUC). Isolated hepatocyte counts ranged 

between 100-150 million hepatocytes with ≥ 97% viability. Hepatocytes were seeded in 12-well 

plates on 1.1mg/mL collagen gels (0.25 mL per well) at a density of 500,000 cells per well. To 

prepare collagen sandwich (CS) hepatocyte cultures, a second layer of collagen (1.1 mg/mL) was 

deposited over the hepatocyte monolayer 3h after hepatocyte seeding. Hepatocyte culture 

medium was added 1h later (3mL per well). Culture medium was composed of phenol red-free 

liquid Dulbecco’s modified Eagle medium (DMEM), supplemented with 10 % (v/v) heat-inactivated 

fetal bovine serum, 200 U/mL penicillin, 200 µg/mL streptomycin, 4 mM L-glutamine, 0.5 U/mL 

insulin (MP Biomedical, Santa Ana, CA), 20 ng/mL Epidermal Growth Factor (EGF), 14.28 ng/mL 

glucagon, and 7.65 µg/mL hydrocortisone. Cultures were incubated at 37°C in a humidified 

incubator in an atmosphere of 10% carbon dioxide. 

5.3.3 Isolation and culture of rat jejunum explants 

The small intestine was obtained from the same female Lewis rats from which the liver was 

excised for hepatocyte isolation. The intestine was stored in ice-cold common culture medium 

supplemented with 50 µg/mL gentamicin sulfate until explant isolation. Jejunum explants (~1 cm 

in length) were isolated from the intestine as described previously (222). Approximately 1 cm-long 

sections of the inverted jejunum were pulled on Matrigel® - coated PDMS rods and transferred to 
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Millicell® inserts. Thereafter, the inserts were placed in 12-well plates coated with 0.5 mL of 1.1 

mg/mL collagen gel. Hepatocyte culture medium supplemented with gentamicin was added to 

each well to cover the intestinal segment in the Millicell® insert (3 mL per well). Eighteen explants 

(~ 1 cm in length) could be isolated from the entire jejunum. The top six sections (obtained from 

the region next to the duodenum) were identified as proximal, the middle 6 as medial and the 

bottom 6 (from the region right before the ileum) as distal. All explants were cultured in a 

humidified incubator maintained at 37°C in an atmosphere of 10% CO2. The media was changed 

at T = 3 h and T = 4 h. The culture medium (3 mL per well) added to the explants at 0h and 3h 

was additionally supplemented with 50 µg/mL gentamicin. At T = 4h, the explants were transferred 

to either new collagen-coated wells with/without hepatocytes to be maintained as 

integrated/jejunum alone cultures respectively. The culture medium added at 4h was not 

supplemented with gentamicin. All cultures (CS alone, jejunum, or integrated) were supplemented 

with 3mL per well of common culture medium. Integrated cultures with proximal, medial and distal 

jejunum explants have been called ‘proximal integrated (J+L)’, ‘medial integrated (J+L)’ and ‘distal 

integrated (J+L)’ cultures, respectively.  

5.3.4 Sample preparation 

The culture media (750 μL aliquot) was collected in microcentrifuge tubes rinsed with distilled 

ethanol (95% v/v) and chloroform and flash frozen. Frozen media samples were freeze-dried in a 

lyophilizer (Labconco Freezone 4.5). Freeze-dried samples were resuspended in MS grade 

methanol (400 µL) (Thermo Fisher Scientific), sonicated in a water bath sonicator for 10 min (5510 

Branson), then centrifuged at 13,000 x g for 10 min at 10°C. The supernatant was collected, and 

the pellet was resuspended in methanol again (400 µL), followed by sonication and centrifugation 

as before. The supernatants collected from the two steps were combined/pooled. Solid phase 

extraction (SPE) was performed on the total 800 µL volume collected using octadecyl carbon 

chain-bonded silica solid phase extraction units (Proto 300 C18, The Nest Group, Inc.). The SPE 
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units were rinsed with methanol and water by centrifuging to dryness at 100 x g for 3 min. Higher 

molecular weight impurities such as polypeptides were removed by running the methanol-

suspended samples through the rinsed SPE units and the flow-through was collected after 

centrifugation at 100 x g for 3 min. The SPE columns were washed with methanol another time 

to collect any residual hydrophobic molecules. The volume of the collected samples was reduced 

in a centrifugal concentrator. The samples were further dried under high vacuum before preparing 

them for LCMS.         

5.3.5 Preparation of samples for mass spectrometry (MS) 

Vacuum-dried extracted samples were resuspended by sonication in a 400 μL solution of 50:50 

methanol:water with 0.1% (v/v) formic acid. This was followed by a 10 min centrifugation at 13,000 

x g. An aliquot of the supernatant was transferred to an LCMS vial for mass spectrometric 

analysis. Master mixes were prepared by combining volumes from multiple samples and included 

in the MS samples for quality control and MSE analysis. Each biological replicate was injected in 

triplicate. Injections were randomized to eliminate bias.   

5.3.6 LCMS analysis  

For LCMS, Acquity I-class UPLC (Waters, Milford, MA) was used in conjunction with a Synapt 

G2-S mass spectrometer (Waters, Milford, MA).  A binary gradient at a flow rate of 0.2 ml/min of 

solvent A (water + 0.1% formic acid; Thermo Fisher) and solvent B (acetonitrile + 0.1% formic 

acid) was used as follows: initial to 1 min 5% B, 1 min-12 min linear gradient to 98% B, 12-13 min 

hold at 98% B and 13-15 min return to initial conditions. A two µL aliquot was injected onto an 

Acquity BEH C18 column (50 x 2.1 mm i.d., 1.7 µm; Waters, Mildford, MA) maintained at 35°C 

(C18 = octadecyl (18)-carbon chain-bonded silica column) (Figure 5.1).  

The column was eluted into the mass spectrometer operated with an electrospray ionization probe 

(ESI) (Figure 5.1). Samples were independently analyzed in both positive and negative high-
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resolution ion modes. Source conditions were the same for positive and negative modes with the 

exception of the capillary voltage which was 3.0 kV and 1.5 kV for positive and negative 

respectively, temperature 125°C, cone voltage 30 V, source offset 80, desolvation temperature 

350°C, cone gas 50 L/h, desolvation gas 500 L/h, nebulizer gas 6.0 bar, cycle time 0.2 s and 

mass scan range 100 – 1800 m/z. Leucine-enkephalin at a concentration of 200 ng/mL was 

continually infused at 5 µL/min through the reference sprayer for accurate mass correction. Master 

mix samples were additionally analyzed in MSE mode in order to collect MS and fragmentation 

data simultaneously.  

5.3.7 Data processing and feature annotation 

The MS data were processed using MarkerLynx XS software (Waters, Milford, MA) for feature 

discovery and deconvolution. Features were selected based on statistically significant differences 

between different experimental groups (p < 0.05). Selected features discovered in the negative 

ion mode were identified using the MSE fragmentation data by matching against existing 

databases including the human metabolome database (HMDB) (317), Metlin (318) and Lipid 

Maps (319) through both parent mass and fragment similarity searches (Figure 5.1).  

5.3.8 Statistical analyses 

Statistical significance was determined by obtaining p-values through one-way ANOVA followed 

by Tukey’s HSD test for multiple hypotheses testing. Technical replicate measurements from the 

three injections were averaged for each biological replicate. Three biological replicates were used 

per condition. For all tests of statistical significance, α = 0.05.  

5.4 Results 

5.4.1 Feature discovery 

Figure 5.1 provides a general overview of the steps involved in metabolite detection and 

identification. LCMS was performed on culture media samples extracted through reversed-phase 
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separation. The samples injected into the C18 liquid chromatography column were separated 

based on their lipophilicity leading to different retention times. After ESI/MS on compounds eluted 

at different retention times, overall sample chromatograms and mass spectra associated with 

each retention time were obtained, leading to discovery of various features (sets of retention times 

and m/z). Subsequent data were analyzed for statistical significance among the discovered 

features.  Processing the raw mass spectrometric data using MarkerLynx XS software in the 

positive ion mode resulted in 67-109 features while processing in the negative ion mode resulted 

in 64-81 features as listed in Table 5.1. Subsequent results focus on the features identified in the 

negative ion mode.  

 

Figure 5.1: Flow diagram of LCMS, data analysis and feature annotation. C18 column refers to 

octadecyl (18)-carbon chain-bonded silica column. ESI operated in the negative ion mode is 

depicted in the schematic. 
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Table 5.1. Number of features discovered in positive and negative ion modes. 

Group 
Number of features 

discovered in positive ion 
mode 

Number of features 
discovered in negative ion 

mode 
Fresh Media (4h) 81 76 

Fresh Media (24h) 100 81 
CS alone (24h) 100 66 

Proximal jejunum alone 
(4h) 

85 76 

Medial jejunum alone (4h) 67 64 
Distal jejunum alone (4h) 79 71 
Proximal jejunum alone 

(24h) 
109 78 

Medial jejunum alone (24h) 100 70 
Distal jejunum alone (24h) 92 65 
Proximal integrated (24h) 90 73 

Medial integrated (24h) 96 76 
Distal integrated (24h) 98 81 
 

5.4.2 Principal Component Analysis (PCA)  

Three levels of comparisons were made between the experimental groups investigated in the 

LCMS study: (1) location-wise comparisons between proximal, medial and distal jejunum, (2) 

time-wise comparisons between 4h and 24h time-points, and (3) culture type comparisons 

between jejunum only, hepatocytes only and integrated cultures (at 24h).   

Principal component analyses were performed on the 3 technical replicates of n = 3 biological 

replicates of each experimental group (total 9 values per group). PCA of jejunum alone cultures 

at 4h and 24h for location-wise comparisons highlighted location-dependent clustering of LCMS 

data (Figure 5.2). A biological outlier was identified in the distal integrated samples.  
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Figure 5.2: PCA of jejunum alone cultures at (A) 4h and (B) 24h, and (C) integrated cultures. 

Expectedly, PCA of CS alone and jejunum alone cultures revealed that CS alone cultures 

grouped separately (Figure 5.3).  
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Figure 5.3: PCA of CS alone and jejunum alone cultures. 

PCA of comparisons between jejunum alone cultures from proximal, medial and distal jejunum at 

4h and 24h time-points revealed greater intergroup variability between 4h and 24h (principal 

component 1, x-axis) compared to within a given experimental group (principal component 2, y-

axis) (Figure 5.4).  
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Figure 5.4: PCA of jejunum alone cultures from the (A) proximal, (B) medial, and (C) distal jejunum 

at 4h and 24h. 
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Similarly, PCA of comparisons between jejunum alone and integrated cultures from proximal, 

medial and distal jejunum revealed greater intergroup variability between jejunum alone and 

integrated cultures (principal component 1, x-axis) compared to within a given experimental group 

(principal component 2, y-axis) (Figure 5.5).  
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Figure 5.5: PCA of jejunum alone and integrated cultures with (A) proximal, (B) medial and (C) 

distal jejunum explants. 
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5.4.3 Annotation of features 

Metabolite identification was performed on selected features in the negative ion mode. A sample 

metabolite identification process is shown in Figure 5.6 using m/z 614.3455. In Figure 5.6A, the 

extracted ion chromatogram of the selected m/z shows the relevant peak (marked with an arrow). 

The corresponding mass spectrum is seen in Figure 5.6B, where the parent m/z has been 

identified as the 614 peak. Upon addition of fragmentation energy, the parent mass peak 

decreases in intensity in Figure 5.6C, while the fragments such as 554 increase in intensity. Using 

the fragmentation pattern and parent mass, metabolites are annotated. In this example, lipid maps 

was used to identify the metabolite as an LPC (22:5). Two possible structures for the compound 

are shown in Figures 5.6D.  

 

 

Figure 5.6: Feature annotation example. (A) Extracted ion chromatogram of m/z = 614.3455, (B) 

Mass spectrum of the chosen peak without fragmentation, (C) Mass spectrum with fragmentation, 

and (D) chemical structures of possible matched compounds (source: Lipid Maps). 
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Following this method, different metabolites were identified in the negative ion mode. In Table 

5.2, identified metabolites have been organized according to the source of the metabolite among 

the following three categories: (1) unconditioned media; (2) jejunum; and (3) hepatocytes.  

Table 5.2: List of sources of metabolites matched in media controls and cultures with jejunum or 

hepatocytes. 

No. Metabolite 
Features 
(EMRT) 

Adduct 
Fresh 
Media 

Jejunum Hepatocytes 

1 
Penicillin 

(methanolyzed) 
6.02_365.1163 M - H    

2 Phenylalanine 3.09_164.0706 M - H    
3 Tryptophan 3.40_203.0813 M - H    
4 Tyrosine 1.82_180.0653 M - H    

5 
Pantothenic 
acid (Vitamin 

B5) 
3.25_218.1023 M - H    

6 Hydrocortisone 5.78_407.2062 
M + 

formate 
   

7 

Taurocholic 
acid/taurourso

cholic 
acid/tauro-β-

muricholic acid 

6.07_514.2832 M - H    

8 
Taurosursodeo
xycholic acid 

6.73_498.2881 M - H    

9 
LPC(16:0) 

(lysophosphati
dylcholine) 

9.88_540.3293 
M + 

formate 
   

10 
LPC(20:4) 

(lysophosphati
dylcholine) 

9.39_588.3294 
M + 

formate 
   

11 
LPC(22:5) 

(lysophosphati
dylcholine) 

9.61_614.3455 
M + 

formate 
   

12 
Arachidonic 

acid (AA) 
11.92_303.231

3 
M - H    

13 

5,8,12-
trihydroxy-9-
octadecenoic 

acid 

6.66_329.2313 M - H    

14 
Docosahexaen
oic acid (DHA; 

22:6 n-3) 

11.72_327.231
6 

M - H    

15 
FA(23:6(Ke2,Ep

,cyclo)) 
12.78_381.172

5 
M - H    
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16 
6-Hydroxy-3-

oxotetradecen
oic acid 

9.33_277.1431 
M + Na - 

2H 
   

 

5.4.4 Known media components identified 
 
5.4.4.1 Antibiotics 

The EMRT 6.02 min/365.1163 m/z was identified as Penicillin (methanolyzed). This identity has 

been assigned by another group previously (320). Penicillin was one of the antibiotics present in 

the culture media used. The peak areas of this metabolite were significantly lower than the fresh 

media (24h) control in proximal jejunum alone (24h) and integrated cultures (p < 0.05) (a.u. means 

arbitrary units) (Figure 5.7). However, these peak areas only differed by 16-19% compared to the 

fresh media control. Table 5.3 at the end of the Results section lists the legends for each symbol 

used to denote statistical significance.  

 

Figure 5.7: Peak areas for the EMRT 6.02 min / 365.1163 m/z (Penicillin) 

 
5.4.4.2 Amino acids 
 
The EMRT 1.82 min/180.0653 m/z was identified as tyrosine using Metlin. In the phenol red-free 

DMEM used in this study, L-tyrosine was present at a concentration of 104 mg/L. Interestingly, 

tyrosine present in DMEM was below the limit of detection in the fresh media controls (Figure 

5.8). However, cultures with hepatocytes in them - CS alone and integrated cultures – had 

significantly higher detectable levels of tyrosine. Synthesis of tyrosine by hepatocytes could 
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explain its presence in CS containing cultures even though it is not detected in the fresh media 

(321, 322).    

 
Figure 5.8: Peak areas for the EMRT 1.82 min / 180.0653 m/z (Tyrosine) 

 
Additionally, the EMRT 3.09 min/164.0706 m/z was identified as phenylalanine using Metlin. L-

phenylalanine is also present in the DMEM used at a concentration of 66 mg/L. The peak area 

for this amino acid in CS alone cultures was 42% higher than the fresh media (24h) control (Figure 

5.9). The peak area also increased significantly in medial and distal jejunum alone cultures at 24h 

by 40% and 35%, respectively. Proximal, medial and distal integrated cultures also showed 

increases of 61%, 65% and 67% compared to the fresh media control, respectively.  

 

Figure 5.9: Peak areas for the EMRT 3.09 min / 164.0706 m/z (Phenylalanine) 

 

The EMRT 3.40 min/203.0813 m/z was assigned to tryptophan using Metlin. L-tryptophan was 

present in the DMEM at a concentration of 16 mg/L. In the present analysis, while some 

statistically significant changes in peak areas were observed, many of these changes were not 

numerically very large (< 20%) (Figure 5.10). The peak areas for medial jejunum alone cultures 
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were higher than proximal cultures by 37% and 30% at 4h and 24h, respectively (p < 0.05). 

However, a significant change was not observed between proximal and distal jejunum at these 

time-points.  

 
Figure 5.10: Peak areas for the EMRT 3.40 min / 203.0813 m/z (Tryptophan) 

 
 
5.4.4.3 Vitamin B5 

The EMRT 3.25 min/ 218.1023 m/z was matched to Pantothenic acid (Vitamin B5) using Metlin. 

Panthothenic acid is a known component of the DMEM used, present at a concentration of 4 

mg/L. Similar to the trends with tryptophan, while some statistically significant changes were 

observed in the comparisons made, these were not numerically very large (Figure 5.11).  

 
Figure 5.11: Peak areas for the EMRT 3.25 min / 218.1023 m/z (Vitamin B5) 

 
5.4.4.4 Hydrocortisone 

The EMRT 5.78 min / 407.2062 m/z was assigned to hydrocortisone (cortisol), another media 

component (present at a concentration of 7.65 mg/L), using HMDB. The concentrations of 

hydrocortisone in the spent culture media from jejunum alone cultures at both 4h and 24h were 

significantly higher than the respective unconditioned media controls (p < 0.05) (Figure 5.12). 
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Compared to the unconditioned media controls, the peak areas increased by 60%, 85% and 74% 

in proximal, medial and distal jejunum alone at 4h and by 52%, 64% and 62% in proximal, medial 

and distal jejunum at 24h, respectively (p < 0.05). In the CS alone cultures, the hydrocortisone 

levels decreased only by 17% (p > 0.05). Interestingly, in the integrated cultures from all three 

jejunum locations, the hydrocortisone concentrations decreased drastically compared to the 

media control and the respective jejunum alone groups (p < 0.05). The peak areas decreased by 

16-, 5- and 3-fold in proximal, medial and distal integrated cultures compared to the unconditioned 

media control at 24h (p < 0.05). This suggests metabolism of hydrocortisone in integrated 

cultures.  

 

Figure 5.12: Peak areas for the EMRT 5.78 min / 407.2062 m/z (Hydrocortisone) 

 

5.4.5 Bile acids identified 

The exact mass/retention time (EMRT) pair 6.07 min/514.2832 m/z was annotated as one of the 

taurine-conjugated bile acids taurocholic acid or tauroursocholic acid or tauro-β-murocholic 

acid using the HMDB. This bile acid was absent in the fresh media but increased significantly in 

the proximal and medial jejunum alone cultures at 4h (p < 0.05 for both) (Figure 5.13). A spatial 

variation was observed with the distal jejunum exhibiting ~8-fold lower concentration compared 

to proximal and medial jejunum at 4h (p < 0.05 for both). A similar effect of location was also seen 

at 24h between proximal and distal jejunum. The peak areas also decreased significantly from 4h 

to 24h time-points in the proximal and medial jejunum (p < 0.05). 
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Figure 5.13: Peak areas for the EMRT 6.07 min / 514.2832 m/z (Taurine-conjugated cholic acids) 

 

Another bile acid corresponding to the EMRT 6.73 min/498.2881 m/z was identified as 

tauroursodeoxycholic acid using Metlin. This bile acid was also present in the fresh media 

controls at 4h and 24h (Figure 5.14). In the fresh media, the source of this bile acid would be 

FBS. The peak area increased significantly in jejunum cultures at 4h compared to the 

corresponding fresh media control (p < 0.05).  

 
 

 
Figure 5.14: Peak areas for the EMRT 6.73 min / 498.2881 m/z (Tauroursodeoxycholic acid) 

 
5.4.6 Lysophosphatidylcholines identified 

Three lysophosphatidylcholines were identified using Metlin and Lipid Maps databases. All three 

were also present in the media, the only possible source being fetal bovine serum. However, the 

three FBS-derived LPCs were found to be metabolized in culture. The EMRT 9.39 min/588.3294 

m/z was identified to be LPC 20:4. The peak area for this LPC decreased significantly in proximal, 
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medial and distal jejunum cultures at 4h compared to the corresponding fresh media control (p < 

0.05) (Figure 5.15).  

 
Figure 5.15: Peak areas for the EMRT 9.39 min / 588.3294 m/z (LPC (20:4)) 

 
The EMRT 9.88 min/540.3293 m/z was identified as LPC (16:0). The peak area for this LPC 

decreased significantly in distal jejunum alone and integrated cultures at 24h (p < 0.05; 2.9-fold 

lower in distal jejunum compared to proximal at 24h; 2.2-fold lower in distal integrated compared 

to proximal integrated) (Figure 5.16). This hints at a location-dependent variation in the 

metabolism of this LPC by the jejunum.  

 
Figure 5.16: Peak areas for the EMRT 9.88 min / 540.3293 m/z (LPC (16:4)) 

 

The EMRT 9.61 min/614.3455 m/z was identified as LPC (22:5). LPC (22:5), also present in the 

fresh media, decreased significantly to levels below the limit of detection in all cultures with 

jejunum explants at the 24h time-point (p < 0.05) (Figure 5.17). This indicates metabolism of the 

LPC by the jejunum. The peak area for LPC (22:5) also decreased significantly by 24 % in CS 
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alone cultures compared to the unconditioned media control (p < 0.05), suggesting that 

hepatocytes may also metabolize this LPC. 

 

 
Figure 5.17: Peak areas for the EMRT 9.61 min / 614.3455 m/z (LPC (22:5)) 

 
 
5.4.7 Fatty acids identified   

Several fatty acids were also identified in the negative ion mode. These were absent in the fresh 

media or hepatocyte only cultures but were detected in cultures with jejunum explants. The EMRT 

11.92 min/303.2313 m/z was Arachidonic acid (AA), assigned using the Metlin database. The 

peak area increased significantly from proximal to distal jejunum at 4h (p < 0.05) (Figure 5.18). 

The peak areas also increased significantly from 4h to 24h for all 3 jejunum locations (p < 0.05; 

3.8-fold and 2.3-fold for medial and distal jejunum, respectively).   

 
Figure 5.18: Peak areas for the EMRT 11.92 min / 303.2313 m/z (Arachidonic acid) 

 
 
The EMRT 6.66 min/329.2313 m/z was identified as 5,8,12-trihydroxy-9-octadecenoic acid 

using HMDB and Metlin databases. This metabolite was not detected in jejunum cultures at 4h 
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but increased significantly to detectable levels at 24h (Figure 5.19). Moreover, a spatial trend was 

observed for this metabolite in integrated cultures, where the peak area for medial and distal 

integrated cultures were 2.5- and 3.3-fold higher than proximal integrated cultures, respectively 

(p < 0.05).   

 

 
Figure 5.19: Peak areas for the EMRT 6.66 min / 329.2313 m/z (5,8,12-Trihydroxy-9-octadecenoic 

acid) 

 
The EMRT 11.72 min/327.2316 m/z was identified as docosahexaenoic acid (DHA) using Metlin 

and Lipid Maps. While DHA was below the limit of detection in the jejunum cultures at 4h, it was 

significantly higher at the 24h time-point (p < 0.05) (Figure 5.20). Further, a spatial trend was 

observed in integrated cultures where the peak area for distal integrated cultures was 39% higher 

than the proximal integrated cultures (p < 0.05).  

 

Figure 5.20: Peak areas for the EMRT 11.72 min / 327.2316 m/z (Docosahexaenoic acid) 

 



121 
 

The EMRT 12.78 min/381.1725 m/z was matched to a fatty acid FA(23:6(Ke2,Ep,cyclo)) (Ke – 

keto, Ep – epoxy) using the Metlin and Lipid Maps databases. It was detected at very low levels 

in the fresh media controls, CS alone cultures and jejunum cultures at 4h (Figure 5.21). However, 

the peak areas for this metabolite increased significantly in the jejunum-containing cultures at 24h 

compared to the fresh media control (p < 0.05). Similarly, the peak areas for proximal, medial and 

jejunum alone cultures at 24h were respectively 14-, 5- and 8-fold higher than at 4h (p < 0.05).   

 
  

Figure 5.21: Peak areas for the EMRT 12.78 min / 381.1725 m/z (FA(23:6(Ke2,Ep,cyclo))) 

 

The EMRT 9.33 min/277.1431 m/z was matched to the fatty acid 6-hydroxy-3-oxotetradecenoic 

acid using HMDB. This fatty acid was not detected in the unconditioned media (Figure 5.22). 

There was a significant increase in the peak area in CS alone cultures, hinting at hepatocyte 

synthesis of this fatty acid (p < 0.05). Jejunum alone cultures also had significantly higher amounts 

of the fatty acid at both 4h and 24h compared to the respective media controls (p < 0.05). 

Compared to 4h, the peak areas at 24h increased by 2.2-fold in proximal alone cultures, and by 

45% and 78% in medial and distal jejunum alone cultures, respectively (p < 0.05).  
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Figure 5.22: Peak areas for the EMRT 9.33 min / 277.1431 m/z (6-Hydroxy-3-oxotetradecenoic acid) 

 
Table 5.3: Legend for statistical comparisons 

Symbol Statistical significance (p < 0.05) relative to 
* Fresh media (4h) 
# Fresh media (24h) 
$ Proximal Jejunum alone (4h) 
% Medial Jejunum alone (4h) 
& Distal Jejunum alone (4h) 
^ Proximal Jejunum alone (24h) 
@ Medial Jejunum alone (24h) 
ω Distal Jejunum alone (24h) 
Δ CS alone (24h) 
σ Proximal Integrated (24h) 
ψ Medial Integrated (24h) 

 

5.5 Discussion and Conclusions 

The present study describes an investigation of intestinal metabolites using culture media 

exposed to jejunum explants in vitro. The data processed in the negative ion mode helped in 

identification of several amino acids and lipids in the cultures. The identities assigned to the 

selected metabolites in the current study fall under level 2 of metabolite identification (323).  

Amino acids such as tyrosine, phenylalanine and tryptophan were identified in the media samples. 

The identities matched other reports of amino acids (170). Although these amino acids are 

present in the DMEM used for the cultures, tyrosine was below the levels of detection in fresh 

media controls. However, the increased tyrosine levels in hepatocyte-containing cultures 

including CS alone and integrated cultures could possibly be due to hepatocyte-mediated tyrosine 
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synthesis triggered by increased phenylalanine levels in these cultures (321, 322, 324). Since 

phenylalanine is an essential amino acid that has to be sourced through diet, the increase in 

phenylalanine in the CS alone and integrated cultures could be a result of protein catabolism 

(322).  

In an LCMS study using cell culture media from in vitro using 3D liver models with primary human 

hepatocytes and Kupffer cells, it was found that 70% of the hydrocortisone added at physiological 

levels was metabolized by phase II enzymes within 48h of administration (325). Phase II 

metabolism of hydrocortisone by the enzymes expressed in both the jejunum and hepatocytes 

together could have caused the decrease in hydrocortisone concentrations in integrated cultures 

(326). The hydrocortisone observed in jejunum alone cultures could be sourced from bile (327).  

Several lipids were also identified in the samples tested. LPCs and tauroursodeoxycholic acid 

found in fresh media most likely originated from the FBS added. Although a detailed lipid 

composition analysis of fetal bovine serum was not found, different studies have reported 

presence of bile acids, fatty acids, phospholipids including LPCs have also been detected in fetal 

bovine serum (165, 328-336).  

Lipids in the intestine are either dietary or sourced from bile or cells shed from the intestinal 

epithelium (180). Different groups have reported the identification of taurine-conjugated bile acids 

in the negative ion mode (165, 170). Taurine-conjugated bile acids have been reported to be 

present in higher quantities in the small intestine compared to the large intestine (170). A similar 

trend of decreased taurocholic acid in the distal jejunum was observed in the present study.  

LPCs are present in both rat and human small intestinal luminal contents (337). The intestinal 

epithelial cells express LPC-metabolizing enzymes that metabolize them to phosphocholine (PC) 

and free fatty acids (FAs) such as oleic acid (338). Phospholipase B or lysophospholipase activity 

detected in the rat small intestine was the most prominent in distal jejunum and the proximal two-
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thirds of the ileum (339). In the present study, it was observed that LPCs found in the media were 

metabolized to levels below the limit of detection when jejunum explants were present. Out of the 

3 LPCs identified, LPC (16:0) was present in significantly lower amounts in cultures with the distal 

jejunum, which could be due to increased lysophospholipase activity in the distal jejunum as 

reported in vivo. 

AA and DHA found in intestinal cultures could be synthesized from linoleic and linolenic acids 

found in FBS, respectively (330, 340, 341). AA is a polyunsaturated omega-6 fatty acid (PUFA) 

(20:4) present in phospholipids (342). It can be synthesized from linoleic acid or through 

phospholipase A2-mediated breakdown of phosphatidylcholines (PCs) (342, 343). DHA is an 

omega-3 PUFA (22:6), either sourced through diet, or synthesized from alpha-linolenic acid. Yuan 

et al (170) recently identified both AA and DHA in their study on the baboon intestine. DHA 

concentrations were reported to be higher in the distal regions of the gastrointestinal tract in this 

study (170). The significant increase in DHA concentrations in the distal integrated cultures 

observed in the present study is similar to the trend observed in vivo (170). The breakdown of 

LPC (20:4) by lysophospholipase would result in the release of free AA (20:4) (338). In our study, 

we observe both a decrease in the concentration of LPC (20:4) at 4h and 24h, and a 

corresponding increase in the concentration of AA in the culture media, which hints at 

lysophospholipase-mediated breakdown of LPC (20:4) and the corresponding release of AA. On 

the other hand, the activity of phospholipid-metabolizing enzyme phospholipase A (PLA) varies 

along the length of the intestine in vivo (344, 345). In the rat intestine, the PLA activity increases 

3-fold from the duodenum to the ileum (344). Another study reported a 10-fold increase in PLA 

activity from the duodenum to the ileum in rats (345). PLA2 activity results in the formation of AA 

from phospholipids (342). This may be another possible reason for the spatial trends observed 

from proximal to distal jejunum in the AA levels reported in the present study. The higher AA levels 

are also linked to an increased pro-inflammatory response (346, 347). The downstream fate of 
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AA is the synthesis of immunomodulatory eicosanoids such as prostaglandins and leukotrienes 

(346, 347).  

Overall, we were able to identify several classes of lipophilic molecules that were either secreted 

or metabolized in culture. Spatial, temporal as well as culture-dependent trends were observed in 

the amounts of different amino acids, bile acids, LPCs and fatty acids. Moreover, the spatial trends 

in bile acid, LPC and fatty acid metabolism corroborated with in vivo reports of lipid metabolism 

in the intestine. 

5.6 Future Work 

Overall, this study revealed further spatiotemporal trends within the jejunum in vitro that may be 

correlated to bile acid and fatty acid metabolism pathways in the intestine. The work presented in 

this chapter can be extended in several ways to further the understanding of lipid and amino acid 

metabolism pathways in the intestine and hepatocytes in vitro. The first step forward would entail 

targeted and hypothesis-driven work to confirm the identities of the different compounds identified 

in this study using commercially available standards and running a tandem MS/MS. Fully labeled 

DMEM kits such as BioExpress® DMEM could be used to incorporate labeled atoms into the 

metabolites to further help identify metabolites. It would be interesting to elucidate the role of 

arachidonic acid and its derivative metabolites in the jejunum cultures. The study would benefit 

from more in-depth investigations to further detect any metabolites from LPC breakdown to 

validate the hypothesis of spatial differences in lysophospholipase activity leading to differences 

in LPC levels. Lysophospholipase activity measurements using commercially available ELISA kits 

on jejunum explant lysates would provide further insight into the metabolism of LPCs by the 

intestine. A more extensive investigation of the pathways involved would also provide further 

useful insights into the spatiotemporal trends in the jejunum cultured with and without 

hepatocytes. Effects of ethanol on the lipids in the metabolome of the spent culture media should 
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also be investigated as in vivo studies have shown ethanol-dependent effects of luminal 

metabolites (348).    
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Chapter 6: Conclusion 

The research presented in this dissertation focused on the use of rat jejunum explants to perform 

a range of studies including investigations of spatiotemporal trends in the markers of intestinal 

function, ethanol toxicity, and secretion and/or metabolism of lipophilic metabolites in in vitro 

cultures of the jejunum and hepatocytes.  

In Chapter 2, a method to isolate and culture inverted jejunum explants was described. In Chapter 

3, the results from cultures of inverted jejunum explants from different regions of the jejunum were 

reported. Jejunum explants were cultured for up to 72h. Markers of enterocyte, goblet cell and 

Paneth cell function in the jejunum were maintained over 24h in culture and followed in vivo – like 

spatial trends reported for the entire small intestine. For the proximal and medial regions of the 

jejunum, lysozyme activity and mucin area were maintained even after 72h in culture, even though 

a decline in ALP activity was observed. Jejunum explants were also integrated with hepatocytes 

to model the intestine-liver axis. Integration of jejunum explants from the proximal region with 

hepatocytes had a beneficial effect on both hepatocyte urea secretion and jejunum mucin 

secretion, hinting at communication between these organs in culture.  

In Chapter 4, the integrated cultures of the rat jejunum and hepatocytes were used to investigate 

ethanol toxicity in vitro. The trends in biochemical markers such as jejunum and hepatocyte 

protein, and activities of ALP, ADH and lysozyme in integrated cultures with proximal jejunum 

explants corroborated with in vivo reports on ethanol toxicity. Moreover, the effects of ethanol on 

morphometric measures such as villus and mucin areas also corresponded to in vivo trends. Use 

of an integrated jejunum-hepatocyte model helped recapitulate the effects of ethanol toxicity 

observed in vivo.  

In Chapter 5, various metabolites secreted and/or metabolized by the jejunum alone, hepatocytes 

alone and integrated cultures were detected and identified using LCMS. The focus of this study 
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was on lipophilic metabolites due to the increasing importance of lipid markers in investigating the 

small intestine in health and disease. Location-, time- and culture-dependent trends were 

observed for several identified metabolites. For example, synthesis of amino acids such as 

tyrosine was detected in hepatocyte-containing cultures. Similarly, metabolism of known media 

components such as hydrocortisone by integrated cultures of the jejunum and hepatocytes was 

observed. Lipid components of the unconditioned media such as LPCs were also metabolized by 

the tissues in culture. Fatty acids such as AA and DHA, which are important regulators of the 

intestinal inflammatory response, showed location-dependent trends in concentrations. 

Confirmatory results were also obtained for the metabolism of LPC (20:4) as a decrease in its 

concentration was accompanied by a corresponding increase in the concentration of its 

lysophospholipase product AA. A similar LCMS-based analysis on ethanol-treated samples could 

provide an insight into the effects of ethanol toxicity on lipid secretion and metabolism. 

The overall purpose of integration of the jejunum and the hepatocytes was to take a step towards 

a holistic model of the intestine-liver axis to recapitulate its physiology and response to drug 

toxicity in vitro. Large-scale animal studies are conducted by and for pharmaceutical companies 

to investigate the toxicity of drugs and chemicals to the body. It is anticipated that use of holistic 

in vitro models of primary tissues and organs such as the integrated cultures described in this 

dissertation would help drastically reduce the number of animals required to test drug toxicity 

while providing in vivo – like results. The investigations reported in this dissertation may be 

extended to human tissues to provide more accurate models of drug toxicity and potentially 

eliminate the over-reliance on animal studies.   
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Chapter 7: Future Directions  

The research proposed in this thesis can be expanded in future to several other projects.  

The hepatocyte model used in the studies performed and proposed for this thesis is a 2D collagen 

sandwich model with hepatocytes only. While this is a good model for in vitro studies on the liver, 

it lacks the other cell types and the space of Disse architecture that are found in the liver in vivo. 

Integration of gut explants with 3D organotypic multicellular liver models that have been 

developed by the Rajagopalan group before would provide a more accurate liver mimic (168, 209, 

250). In addition to hepatocytes, these models also incorporate non-parenchymal cells such as 

LSECs, KCs and HSCs in a 3D culture environment.   

Incorporation of flow in the cultures would be an important addition to the research pursued in this 

thesis. To implement this, explants from the jejunum and 2D or 3D liver models could be cultured 

in different wells and different flows can be applied to each culture system. Peristaltic flow would 

be beneficial for intestinal culture as it would mimic the in vivo environment (251), whereas laminar 

flow would be used for hepatocyte/liver culture.  A bidirectional flow of media, and thus nutrients 

and metabolites, would be established between the two organs being cultured. It is expected that 

such a dynamic multi-organ culture system would more accurately mimic the enterohepatic 

circulation that occurs in vivo.  

In the studies conducted as part of this dissertation, the jejunum has been used because of its 

importance in nutrient and drug absorption and metabolism. The study would benefit from an 

expansion into the ileum as well, particularly if an in vitro model of an inflamed gut-liver axis is to 

be studied. This is because the ileum has Peyer’s patches that are involved in mediating immune 

response.  

The integrated in vitro gut-liver system developed in the research presented so far can also be 

expanded to mimic the gut-liver-brain axis in vitro as the gut-liver axis affects the brain in several 
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important ways. Astrocytes and neuronal cells may be incorporated in such a system. Conditioned 

media obtained from gut-liver cultures could be used to treat a co-culture of astrocytes and 

neurons and changes in specific astrocytic and neuronal functions can be assessed.  

The effect of explant size on spatiotemporal trends and effects of ethanol may be studied. Such 

a study would help understand the scale of spatiotemporal variation in the intestine. The high 

standard deviations observed for some data presented in this dissertation may be due to slight 

variations in explant size. A size-based study would also help understand the variations in data.  

Effects of ethanol on other cell types of the intestine such as enteroendocrine cells, stem cells, 

the neurons of the enteric nervous system and smooth muscle cells could also be investigated in 

vitro. Neurotransmitters such as nitric oxide, dopamine, serotonin and epinephrine are known to 

be important in maintaining gut homeostasis (210). Ethanol can lead to an increased production 

of intestinal nitric oxide which results in altered gut motility (209). Further, these effects are known 

to be location-dependent (209). Synthesis and secretion of serotonin is affected by the gut 

microbiota (134, 349). It would be interesting to study the spatiotemporal and ethanol-dependent 

trends in the concentrations of these neurotransmitters in vitro. 

Numerous trends observed in the data obtained from the research discussed in this dissertation 

may be affected by the presence of bacteria in the in vitro cultures. A detailed analysis of the 

bacteria present in the cultures may be conducted at different levels. Firstly, a detailed Gram 

staining analysis of the pellets obtained by centrifuging culture media samples at 10,000 x g could 

reveal the presence of intestinal bacteria in the culture media (350). A fluorescence in situ 

hybridization (FISH) study using the Eub338 probe (universal probe to identify bacteria) may be 

used to visualize bacteria trapped in the mucus barrier in cryosections (351). Quantification of 

LPS present in the media using a quantitative limulus amoebocyte lysate (LAL) assay could help 

delineate the role that LPS may be playing in these cultures with and without EtOH treatment in 

explants from different locations on the jejunum (352). The role of gut bacteria can further be 
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studied by performing 16s rRNA gene sequencing of mucosa-associated bacteria as well as the 

microbiota present in spent culture media (353).  
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