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ABSTRACT OF THE DISSERTATION 

Functional Analysis of Enterocyte-Fatty Acid Binding Proteins 

 

By Hiba Radhwan Tawfeeq 

 

Dissertation Director: 

Dr. Judith Storch 

 

The enterocyte fatty acid binding proteins (FABP), the liver FABP (LFABP, FABP1) and 

intestinal FABP (IFABP, FABP2) are members of small molecular weight 14-15kDa FABP 

family that are expressed in various mammalian tissues. LFABP is expressed in both the 

liver and the intestine while IFABP is solely expressed in the intestine. Previous studies in 

chow fed mice null for either LFABP (LFABP-/-) or IFABP (IFABP-/-) suggested that the two 

proteins are functionally distinct. Challenging LFABP-/- and IFABP-/- mice with high fat diet 

(HFD) revealed a divergent phenotype, underscoring functional differences.  LFABP-/- 

mice appear to be a model for a metabolically healthy obese (MHO) phenotype, while 

IFABP-/- mice remained lean when compared to their respective wild-type (WT) control 

mice. In the present studies, the luminal bacteria content and its metabolite the short chain 

fatty acid (SCFA) were examined to assess whether there is a relationship between the 

observed dramatic whole-body phenotypic divergence of IFABP-/- and LFABP-/- mice and 

the gut microbiome. We found that the lean IFABP-/- mice had the shortest intestinal transit 

time, and higher fecal output and abundance of potentially beneficial bacterial guilds. By 

contrast, LFABP-/- mice were found to have a longer intestinal transit time, less fecal output 

and more bacterial guilds containing bacteria associated with obesity. Both IFABP-/- and 
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LFABP-/- mice under both chow diet and HFD were found to have a higher levels of fecal 

SCFAs compared to the WT control mice. Thus, the alterations in gut bacterial 

communities and their metabolites are associated with many of the phenotypic changes 

observed in LFABP-/- and IFABP-/- mice.  Since LFABP is expressed both in the liver and 

in the intestine, it is not clear whether the ablation of liver-LFABP, intestine-LFABP or the 

ablation of LFABP from both tissues is required to induce the MHO phenotype. In order to 

get a further insight into the role of liver-LFABP in the observed MHO phenotype, a 

conditional knock out LFABP mice (LFABP cKO) in which the gene was ablated only in 

the liver, was generated. Like HF fed whole-body LFABP-/- mice, liver-specific LFABP-/- 

(LFABPliv-/-) mice were found to have better capacity for endurance exercise when 

compared to their WT “floxed” controls (LFABPfl/fl) mice. Female LFABPliv-/- mice were 

found to be more obese after the HF feeding challenge, with greater body weight gain and 

fat mass (FM). However, despite their obesity, female LFABPliv-/- mice were protected 

against HFD induced hepatic steatosis. Thus, in female mice the liver specific ablation of 

LFABP is enough to induce the MHO phenotype observed in the whole body knockout 

mouse. Males, however, may require the ablation of either intestine-LFABP or both liver- 

and intestine-LFABP to induce the full MHO phenotype. Taken together, this work has 

revealed a role of the enterocyte FABPs in modulating intestinal bacterial content and its 

metabolites. Furthermore, these studies demonstrate a role of liver-LFABP in efficient 

hepatic uptake and trafficking of lipid in mice fed HFD. 
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Introduction  

Dietary Lipids 

Lipids are hydrophobic small molecules that can be dissolved in non-polar solvents. They 

include fatty acids (FAs) (which fall into two categories, saturated FA (SFA) and 

unsaturated FA (UFA)), sterols, fat-soluble vitamins (vitamins A, D, E, and K), certain 

hormones, waxes, monoglycerides (MGs), diglycerides (DGs), triglycerides (TGs), and 

phospholipids (PL) [1]. The three main important functions of lipids in the body are 

regulating signaling pathways (e.g. steroid hormones and FA amides), storing energy 

(primarily TGs), and forming structural components of cell membranes (primarily PLs and 

cholesterol) [1,2]. The most abundant form of dietary lipid is TG, which is considered both 

a major source of energy as well as the essential FAs linoleic and linolenic acid [3]. 

 

A Westernized diet is high in calories and rich in SFA, cholesterol and simple sugars 

(sucrose and fructose), and may be low in essential poly unsaturated FAs (PUFAs), i.e., 

linoleic acid (18:2,ω6) and γ-linolenic acid (18:3,ω3) and low in fiber; this may result in a 

positive energy balance and body weight gain [4,5]. A positive correlation has been noted 

between high dietary fat intake and the increase in adiposity; many studies have shown 

that diets rich in fat, in which fat provides about 30 % of the total energy, can easily induce 

obesity in humans [6]. High fat diet (HFD) not only induces obesity in humans but also 

promotes adiposity in animals. In both mice and rats a positive relationship has been found 

between the amount of fat ingested and body weight or fat tissue gain [7], thus rodent 

models have been used to gain insight into human obesity. 

 

Obesity is considered to be a major risk factor for chronic diseases such as coronary heart 

disease, hypertension, type 2 diabetes, fatty liver disease, osteoarthritis and some types 

of cancer [8,9]. The prevalence of obesity around the world is increasing, with 650 million 
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(13%) adults being obese and 1·9 billion (39%) overweight in 2016 [10]. It is estimated that 

the prevalence of obesity in the United States in 2017-2018 was 42.4% in adults and 

19.3% in children and adolescents [11]. Although dietary fat is one of the factors inducing 

obesity, it is also of integral importance to human health, and its ingestion and absorption 

have many effects on metabolically active tissues, including the liver, gastrointestinal tract 

and even adipose tissue. Therefore, it has become a necessity to understand how dietary 

lipids are digested, absorbed, metabolized and processed by the body tissues, allowing 

for more effective strategies to be developed to properly manage weight and maintain 

health by nutritional and/or pharmacological interventions. 

 

Overall, the studies described in this dissertation aimed to investigate the functions of two 

important fatty acid-binding proteins (FABPs); the liver-FABP (LFABP or FABP1) which is 

expressed in the liver and the intestine, and the intestinal-FABP (IFABP or FABP2) which 

is solely expressed in the intestine. Additionally, the studies provide novel information 

about the influence of LFABP and IFABP on the gut microbiota composition, and whether 

this influence is associated with the observed dramatic whole-body phenotypic divergence 

observed in IFABP-/- and LFABP-/- mice. 

 

Lipid Digestion  

The digestive system is composed of the gastrointestinal tract (mouth, pharynx, 

esophagus, stomach, small intestine, large intestine, and anus) and accessory organs 

(salivary gland, liver, pancreas, and gallbladder) [12]. The first step of lipid digestion begins 

in the oral cavity. The chewing process helps to mechanically break large aggregates of 

lipids and other macro nutrients into smaller particles. In humans, the saliva contains low 

levels of the enzyme lingual lipase, which is secreted by the lingual serous (von Ebner) 

glands of the tongue where it causes a simple enzymatic digestion of lipids [13,14]. Despite 
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the low amounts of lipolysis that occurs in the oral cavity, however, it plays an important 

role in dietary fat sensing [15]. The pH optimum of the enzyme lingual lipase is 3.5-6 and 

most of its action occurs in the stomach [14,16]. Additional mechanical mixing by the gut 

helps to disperse fat molecules into emulsion particles, making them more accessible to 

the lipase produced by the stomach, i.e. gastric lipase which is secreted by chief cells and 

acts at the acidic pH in the stomach [14]. Lingual and gastric lipases play a minor role in 

total fat digestion, and the majority of enzymatic digestion of TG and other lipids mainly 

occurs in the intestinal lumen [16,17].  

 

Peristaltic movement of the gut helps to emulsify lipid particles and forms chyme that 

moves down to the small intestine for further digestion. When chyme reaches the first 

section of the small intestine, the duodenum, additional organs participate in lipid 

digestion, including the gallbladder, which stores bile that is made in the liver, and the 

pancreas that secretes pancreatic juice. Bile salts are an effective emulsifier that act as 

detergents due to their amphipathic structure, having both a hydrophobic side attached to 

the lipid droplets and a hydrophilic side facing luminal liquid contents. Bile salts help break 

large lipid globules into smaller droplets to optimize the surface area of the particles to 

expose them to digestive lipases [18-20]. 

 

Pancreatic lipase is the most effective lipase, responsible for up to 70% of dietary TG 

hydrolysis. It is secreted from the pancreas together with a small protein cofactor, co-

lipase, into the small intestine for further enzymatic digestion of TG in the lipid emulsion. 

Breaking down of the remaining TG yields two free FAs (FFAs), and one MG which has 

one FA still attached to the glycerol backbone at the sn-2 position. The lipid droplets now 

contain MG, and FA, in addition to cholesterol and PLs, and these key lipid components 

combine and package themselves into micelles which are particles in colloidal solution 
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[20,21]; the increased surface area of the micelles promotes the absorption of their 

component lipids by the small intestine. 

 

Small Intestinal Structure  

The largest part of the gastrointestinal tract includes the small and large intestines. The 

small intestine, where most of digestion and absorption of nutrients take place, can be 

divided into three sections: duodenum, jejunum, and ileum. The intestine has four layers: 

mucosa which has three sublayers (epithelium, lamina propria and musclaris mucosa), 

submucosa, muscular layer, and serosa (adventitia) (Fig. 1-1). Jejunum is the main site 

for lipid absorption while bile acid reabsorption occurs in the ileum [22,23].  
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Figure 1-1: Small intestine structure. The main four layers of the small intestine are 

mucosa, submucosa, muscle layer, and adventitia. The major epithelial cells of the 

gastrointestinal tract that are present in the small intestine include enterocytes, goblet 

cells, enteroendocrine cells, Paneth cells, B cells, M cells, dendritic cells, stem cells, and 

others. These cells are arranged in a single layer within the mucosal layer. The illustration 

is adapted with edit from Kong et al., 2018 [23]. 

 

The mucosal lining of the intestine at the luminal (apical) surface forms fingerlike 

projections called villi surrounded by crypt structures (Fig. 1-1). The intestinal epithelial 

cells (IECs) in the mucosal layer, arranged in a single layer, are composed primarily of the 

enterocytes (in the small intestine) and colonocytes (in the large intestine) and interspaced 

by other specialized cells [24,25]. The aged IECs undergo apoptosis, shedding off the top 

of the villi, and are replaced every 2-6 days by new cells produced by differentiation of 

stem cells located at the base of the crypts which migrate up across the villi-crypt axis. 



7 
 

 

The stem cells give rise to progenitor stem cells that have the ability to differentiate into 

other mature IECs [25]. Different cell types are present in the apical intestinal epithelium, 

including enterocytes, goblet cells, Paneth cells, microfold (M) cells, hormone-producing 

enteroendocrine cells (EECs) and many others (Fig. 1-1) [26]. IECs are tightly connected 

by paracellular proteins called tight junction proteins which regulate the permeability of the 

epithelium [27].  

 

Enterocytes are the most abundant intestinal epithelial cells (representing up to 80 % of 

the small IECs) where they play a pivotal role in the absorption of nutrients and secretion 

of immunoglobulins. Goblet cells are less abundant and secrete a variety of mucin 

glycoproteins which form the mucus layer. In addition to its function in protection against 

invading bacteria, mucus act as a lubricant to facilitate food passage through the intestines 

while also protecting the intestinal walls from the effects of digestive enzymes [28,29]. 

Paneth cells are only expressed in the small intestine, mainly in the ileum, and are located 

at the base of the crypts. They have a longer lifespan than the other epithelial cells and 

their function is to produce antimicrobial peptides (AMPs) and proteins like α-defensins 

and C-type lectins. IECs express microbe-associated molecular pattern or what are called 

pattern recognition receptors (PRRs). Their function is to sense the presence of microbial 

antigens. Toll-like receptors (TLRs) are a type of PRR that is expressed on Paneth cells 

and used for pathogen detection. The activation of TLR4 by lipopolysaccharide (LPS), the 

major gram-negative bacterial product, stimulates Paneth cells to produce AMPs 

[28,30,31]. The follicle-associated epithelial cells, the M cells, also express a high levels of 

TLR4, and together with the dendritic cells (DC) facilitate antigen uptake from the intestinal 

lumen. Additionally, B cells residing in the intestinal mucosa within Peyer’s patches, 

produce mucosal immunoglobulin A, which helps to add further protection to the 

epithelium against bacterial overgrowth [24]. EECs include several cell types, such as I, L, 
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Mo, N and others; are involved in nutrients sensing, modulating food intake and intestinal 

motility via hormones production (to be discussed below). In addition to their expression 

in Paneth cells and M cells, TLR 1, 2, and 4 are expressed in EECs. Stimulation of TLRs 

promote IECs to secrete inflammatory cytokines which play a role in intestinal disease 

progression [32]. 

 

The mucosal layer adds structural support to the intestine via the muscularis mucosa 

which consists of a thin layer of muscle. The other layer of the small intestine beneath the 

mucosa is the submucosa where the lymphatic capillaries are embedded. After this layer 

comes the muscularis layer which is composed of an inner circular layer and a longitudinal 

outer muscular layer. Stimulation of afferent sensory neurons by intestinal wall tension 

due to the presence of chyme, results in peristaltic contraction of muscularis layer which 

assists in the movement of foodstuffs distally. The serosal layer is located underneath the 

muscularis layer, and helps in the movement of the intestine within the peritoneal cavity 

through lubricant secretion [22,23]. 

 

Lipids Sensing by EECs and Intestinal Motility 

EECs act as chemoreceptors (Fig. 1-1); in response to various stimuli and nutrients they 

release intestinal peptide hormones into the bloodstream to activate nervous responses. 

They express several types of receptors such as the G-protein coupled receptors (GPRs) 

FFAR1/GPR40 and FFAR4/GPR120 which are stimulated by medium and long chain FAs 

(MCFA and LCFA) and other nutrients. Furthermore, EECs express carbohydrate 

receptors, and peptide and amino acids receptors. Most interestingly, they express 

GPR41/43 which has the ability to sense bacterial metabolites such as short chain FAs 

(SCFAs), thus in turn modulating energy homeostasis, immunity and intestinal barrier 

function [32,33].  
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The activation of L cells, one of the EECs, results in the secretion of glucagon‐like peptide 

1 (GLP‐1) and peptide tyrosine tyrosine (PYY). These hormones assist in controlling 

glucose homeostasis, appetite, promote satiety and reduce gut motility [32,34]. Other 

hormones secreted by EECs include gastric inhibitory polypeptide (GIP) secreted by K 

cells, motilin secreted by Mo cells, secretin from S cells and neurotensin secreted by N 

cells. All of the aforementioned hormones function to control intestinal motility. 

Cholecystokinin (CCK) is another peptide hormone released by I cells when stimulated by 

lipids entering the small intestine [35]. CCK assists in lipids digestion by stimulating the 

pancreas and gallbladder to release pancreatic enzymes and bile acids, respectively. 

While CCK and serotonin reduce food intake, ghrelin produced by the stomach increases 

food intake in response to fasting [33]. Leptin is made in both adipose tissue and P cells 

of the intestinal epithelium; leptin acts to regulate energy balance by inhibiting food intake 

[32]. There is also Somatostatin which is secreted by endcrine D cells and regulates a 

wide variety of physiological functions [36]. Gastrointestinal hormones released by EECs 

have their receptors on the vagus nerve endings that are embedded in the intestinal 

mucosa and can directly stimulate vagal afferent neurons resulting in the regulation of 

food intake and intestinal motility [33,37]. 

 

In addition to the effect on food intake and intestinal motility of gut hormones, it has been 

found that a class of lipid metabolites, the endocannabinoids (EC), have similar effects. 

Anandamide (arachidinoylethanolamide, AEA) and 2‐arachidinoylglycerol (2‐AG, which is 

a 2‐MG) are agonist of two GPRs known as cannabinoid 1 and 2 receptors (CB1R and 

CB2R). These receptors are abundantly expressed in the brain and gastrointestinal tract. 

Activation of CB1R by an agonist such as 2-AG results in inhibition of gastric acid 
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secretion, promotion of food intake, and slowing of gastric emptying rate and intestinal 

motility, while  antagonists such as Rimonabant reverses these actions [38-41].  

 

Large Intestine 

Unlike the small intestine, the large intestine does not have villi; instead it has a surface 

epithelium that is interspaced by colonic glandular crypts that have the same function as 

the small intestinal crypts. The epithelium of the mucosal layer in the large intestine is 

composed of enterocytes (colonocytes), EECs, and goblet cells [24,42]. Paneth cells do 

not exist in the colon, therefore there are no Paneth cells’ α-defensin secretions [43]. For 

this reason, the mucous secreted by goblet cells plays an important role in separating the 

epithelium from luminal microbes; the amount of goblet cells reaches a maximum in the 

distal colon [42,44]. The large intestine has a smaller surface area but larger diameter than 

the small intestine. It functions to ferment the remaining chyme that reaches it following 

processing by the small intestine; the luminal microbiota ferment the chyme and the large 

intestinal colonocytes absorb the fermentation products like SCFAs [42]. Additionally, the 

large intestine helps to reabsorb water, leading to chyme condensation and feces 

formation [45]. While the mucus is thin, penetrable and discontinuous in the small intestine, 

the large intestine has two mucus layers the inner tightly adherent layer that is sterile and 

free of bacteria and rich with other AMPs such as cathelicidin, and the outer loosely 

adherent layer which is colonized by commensal bacteria [43,46].  

 

Gut Microbiome  

Because of the similarity at the genus level, and the apparently similar functions, mouse 

gut microbiota is used as a model to study the human gut microbiota, typically by 

investigating the prevalence of bacteria in the mice feces [47]. The gut microbiome 

consists of commensal (beneficial) and detrimental (pathobionts) microorganisms, which 



11 
 

 

are usually in neutral state within the gut ecosystem [48]. As in humans, more than 90% 

of the bacterial phyla that reside in the distal part of the intestine are composed of 2 main 

bacterial divisions, the Bacteroidetes and the Firmicutes which are in a state of symbiosis 

[49-51]. Studies in human subjects and genetically obese C57BL/6J ob/ob mice revealed 

that obesity is associated with higher relative abundance of the Firmicutes and lower 

relative abundance of the Bacteroidetes than their lean controls [50,51]. 

 

The epithelium of the gut is considered the first line of defense, transmitting information to 

the immune system of the lamina propria and secreting different compounds like mucus 

and defensins [52]. Microbial interaction can help in the development of innate and 

adaptive immune systems. This communication with the gut microbes is mediated by 

TLRs and nucleotide oligomerization domain-like receptors which are components of the 

PRRs [53]. These receptors are able to recognize a pathogen related substances like LPS 

or damaged parts from the microorganisms. Thus, the immune cells in the gastrointestinal 

tract are always exposed to a large number of microbial antigens and metabolites [53]. A 

disturbance of the gut barrier integrity as a result of microbiota dysbiosis is associated with 

an increase in intestinal permeability and attenuation of the mucus layer; as a 

consequence antigens and endotoxins can enter the systemic circulation causing low 

grade inflammation, and subsequently obesity and insulin resistance [54].  

 

Despite the detrimental effects of some of the bacterial species on gut integrity, there are 

many other bacteria that have beneficial effects on the host. Lactic acid producing 

bacteria, Lactobacillus, have many beneficial effects including protection against peptic 

ulcer and diarrhea, enhancing the immune system, prevention of colon cancer and other 

functions [55]. Gut microbes can ferment the indigestible dietary fiber resulting in the 

liberation of SCFAs, mainly butyrate, propionate, and acetate. SCFAs are also known to 
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modulate intestinal epithelium integrity via stimulating the production of mucus by the 

goblet cells [56]. They also have the ability to stimulate the production of gut peptides such 

as GLP-1 by L-cells, which is involved in the regulation of energy balance and glucose 

homeostasis [34]. Butyrate, produced mainly by Faecalibacterium prausnitzii, has an 

important role in decreasing mucosal inflammation and reducing the oxidative stress, and 

is the primary energy source for the colonic epithelium, thereby enhancing the intestinal 

epithelial barrier integrity and promoting immune system homeostasis [57,58]. Propionate 

and acetate are also known to have the same activity as butyrate but to a lesser extent 

[59]. It has been found that chronic inflammatory bowel disease is associated with lower 

levels of butyrate, supporting its essential role in maintaining gut barrier integrity [60].  

 

Also of interest regarding the gut microbiome is the proposed crosstalk between gut 

microbiota and the EC system. In this interaction LPS released from the bacteria causes 

robust production of AEA in adipose tissue macrophages [61] which in turn activates 

intestinal EC receptor CB1R, leading to increased gut permeability, endotoxenimea, as 

well as increased appetite and fat mass (FM) development [62,63]. Additionally, it has been 

found that providing mice with oral inulin (an indigestible fiber) was associated with both 

the higher levels of fecal SCFAs and enhanced endurance exercise capacity, further 

supporting the crosstalk between organs, i.e. gut and muscle [64]. Recent studies have 

indicated that SCFAs and secondary bile acids produced by commensal bacteria can 

protect against mitochondrial dysfunctions caused by reactive oxygen species 

accumulation and inflammation that occurs in response to endurance exercise training 

[65]. 

 

In order to understand the contributions of gut microbiome, many studies have employed 

germ free mice. These mice were unhealthy and have a compromised immunity because 
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of the absence of commensal bacteria that help to shape the immune system. However, 

they were resistant to diet induced obesity [66,67]. This resistance to obesity, due to the 

absence of their gut microbiota, is thought to be caused by alterations in the expression 

of genes involved in energy oxidation and fat storage [66,67]. It has been found that 

transplanting germ-free mice with human gut microbiota coupled with a high fat or high 

sugar diet resulted in induction of obesity [66,67]. Studies such as this suggest that diet 

composition can promote alterations in gut microbiome composition [68]; it is important to 

note that these alterations can be beneficial or detrimental.  

 

It is well established that HFD induced obesity is associated with disturbances in the gut 

microbial community which cause an increase in intestinal bacterial species that produce 

endotoxins like LPSs and trigger low grade chronic inflammation by the activation of TLRs 

signaling pathways [69]. Subsequently, this alters the intestinal barrier structure via a 

reduction of tight junction proteins [70], and elevation of inflammatory mediators in the 

ileum and colon of conventionally raised mice but not in germ free mice [71]. Many groups 

have reported that a HFD is capable of modulating gut microbiota severely enough to 

cause dysbiosis, which occurs in association with increased body weight, inflammation, 

and insulin resistance [70,72-74].  

 

Intestinal Lipid Metabolism 

While a minor amount of chyme passes through the gastrointestinal tract and reaches the 

colon for bacterial fermentation of the indigestible fiber to produce SCFAs, a majority of 

the products of dietary nutrient digestion are absorbed in the proximal part of the small 

intestine. About 95%  of ingested fat is absorbed with remaining 5% being excreted in the 

feces [75]. Micelle formation in the proximal intestinal lumen by the action of bile and 

pancreatic secretions is important in facilitating efficient fat absorption [76]. Due to their 
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amphipathic nature, lipid micelles are able to diffuse across the unstirred water layer 

between villi. This promotes the dissociation of the products of dietary lipid digestion, 

primarily FAs and MG, and their uptake across the apical membrane of the absorptive 

enterocytes in the jejunal mucosa, where the majority of LCFAs absorption takes place 

[76-78]. Most of the bile acids are reabsorbed in the ileum and transported back to the liver 

to be stored in the gall bladder, and used again for emulsifying new fat emulsion particles 

entering the proximal intestine, for the induction of micelle formation [76].  

 

The transport of lipid across the plasma membrane occurs by two major mechanisms, the 

passive diffusion mechanism, and the active protein-dependent mechanism. FA transport 

protein 4 (FATP4), cluster of differentiation 36 (CD36), plasma membrane FA binging 

protein (FABPpm) and Caveolin 1 (Cav-1) are highly expressed in the enterocyte and have 

been proposed to play a role in facilitating the uptake and transport of LCFAs from the 

intestinal lumen into the enterocytes [19,79]. The uptake of 2‐MGs into the enterocyte is 

thought to be the same as for FAs; in addition to simple diffusion, it may be mediated via 

membrane transport proteins. Cell culture studies in Caco‐2 cells demonstrated the 

saturable mechanism for MG uptake [80,81]. Also, it has been found that adding excess 

FA to Caco‐2 cells medium resulted in lower uptake of 2‐MG and vice versa. These 

findings suggested that FA and 2-MG compete each other for the same transport 

protein(s) for their uptake into the enterocyte. However, the other intermediate product of 

TG hydrolysis, DG, has no inhibitory effect on the intestinal uptake of FA or 2-MG [80,81].  

 

When FA and MG are within the enterocytes, they are directed into different organelles 

for further metabolism [19]. TG is resynthesized in the endoplasmic reticulum (ER) to avoid 

building up of excessive intracellular FA, which can result in cytotoxicity [82,83]. In order 

to reach the ER, the TG hydrolysis products have to be carried in the cytoplasm by specific 
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binding proteins. The two major lipid binding proteins found in enterocytes are the FABPs, 

LFABP and IFABP [84] (to be discussed in more details later). The predominant pathway 

for enterocyte TG biosynthesis is the monoacylglycerol (MAG) pathway or it is called the 

monoacylglycerol acyltransferase pathway (MGAT). The first step of this pathway is the 

acylation of FA by the action of acyl-CoA synthetase long chain family members 3 and 5 

(ACSL3, ACSL5) [85], or FATP4 [86], to ensure trapping of FA within the cell. Then, fatty 

acyl-CoA is covalently joined with MGs to form DGs in a reaction catalyzed by MGAT2 

[87,88]. DGs can be further acylated by diacylglycerol acyltransferases-1 and -2 (DGAT1 

and 2) leading to the reformation of TG [88,89]. This route accounts for more than 75% of 

the TG that is synthesized in the enterocytes. The other pathway for intestinal TG 

synthesis is the glycerol 3-phosphate (G3P) pathway which only accounts for 20–30% of 

TG synthesis [88]. In the ER, TG is then packed along with cholesterol, apolipoproteins 

and other lipids into prechylomicrons which are enclosed inside vesicles, forming what is 

called prechylomicron transport vesicles (PCTV). A multiprotein complex is required for 

PCTV budding from the ER and traveling to the Golgi apparatus, including CD36, apoB48, 

LFABP and other proteins [90,91]. The PCTV fuse with the Golgi apparatus for final 

lipidation into ApoB-containing mature chylomicrons. Then, the chylomicrons are exported 

through the basolateral membrane, and reach the general circulation via lymphatic system 

within one to two hours after consuming a meal [79,92]. 

 

TG that is synthesized from FA and MGs in the enterocytes can also be stored as cytosolic 

lipid droplets to be used when it is needed [93]. Some of the FAs that were acylated by 

ACSLs can be incorporated into membrane PLs, where the composition of FAs can 

influence membrane fluidity [94]. FA entering the enterocytes from basolateral membranes 

can be directed to disposal pathways other than chylomicron secretion, like mitochondrial 

or peroxisomal oxidation or it can be used in PL synthesis while luminal FAs are primarily 
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incorporated into TG [95,96]. Furthermore, FAs in the enterocyte serve as  ligands for 

peroxisome proliferator‐activated receptors (PPARs) which are involved in regulating 

gene expression and cell signaling [97]. 

 

When chylomicrons reach the systemic circulation, lipoprotein lipase (LPL), which is 

located on the surface of endothelial cells in capillaries, acts to hydrolyze chylomicron 

bound TGs, resulting in the release of FA for local cellular uptake by adipose tissues and 

muscle for storage and/or to provide energy substrates, respectively, during the fed state 

[98,99]. The residuals of chylomicron, called chylomicron remnants, will be recognized by 

their receptors leading to endocytic uptake by hepatocytes  [100]. In contrast to LCFAs 

which are usually incorporated into chylomicron in the enterocyte before entering the 

circulation, SCFAs and MCFAs that have 14 carbons or less, enter directly to the liver 

from the intestinal tract via the portal vein as FFAs [101,102]. 

 

Liver Structure  

The liver is a metabolically active organ that performs many functions including bile 

formation and excretion, regulation of carbohydrate homeostasis, lipid metabolism, and 

synthesis and secretion of plasma lipoproteins. Furthermore, it is the place for the 

production of urea, clotting factors, albumin, and antibody production. It also plays an 

important role in drug metabolism or detoxification, defending the body against foreign 

substances [103,104]. 

 

As shown in figure 1-2, each lobe of the liver has around 50,000 to 100,000 lobules, which 

are the basic structural subunits. Hepatocytes, the functional cells in the liver, are arranged 

in radial hepatic cords known as the cellular plates which are comprised of two 

hepatocytes in thickness [105,106]. These cellular plates are arranged around a central 
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vein, forming the lobules, and are separated from each other by the sinosuidal capillaries 

that receive their blood from the portal vein and hepatic artery. The portal vein supplies 

the liver with nutrients from the intestine. Within the hepatic cellular plates there are the 

cannaliculi which are the bile transporting channels that drain to form bile ducts. Together, 

the hepatic artery, the portal vein and the bile duct form what is called a portal triad which 

borders the hepatocytes [106]. A second group of cells, called macrophage (Kupffer) cells, 

play an important role in antibody production, and phagocytosis of foreign particles and 

bacteria transported to the liver via the portal vein [107]. Lymphocytes are another cell type 

in the liver; they contribute to immunity and include several immune cells, such as natural 

killer T cells and other innate immune cells [108]. Under normal conditions hepatic stellate 

cells (HSCs), the lipid storing cells, assist in retinol uptake and storage in the form of 

esters. In addition to retinyl easters the lipid droplets in HSCs store other neutral lipids, 

FFA and other lipids as well. HSCs also produce the extracellular matrix (collagen) and 

play a major role in fibrinogenesis and in repairing hepatic tissues after injury [109,110]. 
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Figure 1-2: Liver structure and functions. The hepatic cellular plates contain, in addition 

to the hepatocytes, other cell types including endothelial cells which surround the sinusoid, 

Kupffer cells attached to the sinusoidal wall, HSCs and other cells. The illustration is 

adapted with permission from  ref. [104]. Copyright 2019, Springer Nature. 

 

Liver Lipid Metabolism 

The liver plays a major role in lipid metabolism, importing FFA, as well as synthesizing, 

storing, and exporting lipids [8,111,112]. The remnant receptors on the surface of the liver 

recognize chylomicron remnants through their apoE content. Then, following endocytosis, 

chylomicron remnants are digested within the lysosomes releasing glycerol, FA, 

cholesterol, amino acids, and phosphate [98,100]. This happens during the fed state and 

it is considered an exogenous or dietary source of hepatic FA (Fig. 1-3A). 

 

Other sources of hepatic FA are the endogenous sources, which occur between meals 

(Fig. 1-3B). FFA enter the liver from the circulation after TG breakdown in adipose tissues. 

Uptake is either via simple diffusion depending on the concentration gradient, or by active 

transport by plasma membrane-associated proteins such as FABPpm, FATPs (2 and 5), 

glutamic oxaloacetic transaminase (GOT), or CD36 [113-115]. Another endogenous FA 

source, which occurs in the cytosol, is de novo lipogenesis (DNL) of FA from non-lipid 

sources (glucose, fructose, amino acids or acetate), where the starting molecule is acetyl-

CoA [116]. Acetyl-CoA carboxylase 1 (ACC1) catalyzes the rate limiting step in this 

pathway, and leads to the formation of malonyl-CoA which undergoes a series of reactions 

including condensation, reduction, dehydration and reduction again [117]. For the 

elongation purpose of the newly formed FA the previous reaction cycle will be repeated. 

The entire reaction for FA synthesis is catalyzed by the action of the FA synthase (FASN) 
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complex which is present at high levels in lipogenic tissues, such as the liver [117]. Its 

activity is under the control of hormones (insulin and glucagon) and nutritional status [118].  

 

In order to prevent lipotoxicity caused by high levels of exogenous or endogenously 

synthesized FA, the intracellular FFA and fatty acyl-CoAs in the hepatic cytosol require 

carrier proteins, the same as in the enterocytes. LFABP, in addition to its expression in 

the intestine, is also present in the liver and plays a potential role in enhancing the uptake 

of several hydrophobic molecules such as LCFAs and fatty acyl-CoA, and is thought to 

traffic them to different metabolic or signaling pathways [119-122]. In addition to its function 

in intracellular cholesterol transfer, sterol carrier protein2 (SCP2), is another lipid binding 

protein that has been reported to bind both FA and fatty acyl-CoAs [123]. Furthermore, 

there is acyl-CoA-binding protein (ACBP) that binds acyl-CoAs in the cytosol [124-126]. 

ACSL isoforms 1 and 5 mediate the activation of a LCFA to a fatty acyl Co-A, and 

determine the metabolic fate of FA by channeling them into various metabolic pathways 

for elimination. Depending on which isoform catalyzes the reaction, the elimination of FA 

will occur either by oxidation or by incorporating FA into TG to be secreted into the plasma 

as TG-enriched very low-density lipoprotein (TG-VLDL) [127-129]. 

 

Hepatic FA whether from plasma, dietary sources or DNL are esterified to generate TG 

and other glycerolipids on the microsomal membrane [130]. The G3P pathway is dominant 

in the liver for TG synthesis. The enzymes that are involved in this pathway include 

glycerol-3-phosphate acyltransferase (GPAT), acylglycerol-3-phosphate acyltransferase, 

lipins/PA phosphatases and DGAT, leading to TG synthesis from G3P [131]. Additionally, 

FA can be used for the synthesis of other complex lipids like PL, and are also esterified to 

cholesterol to generate cholesteryl esters (CE). TG, PLs, CE and other lipids are either 
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stored in cytoplasmic lipid droplets, or secreted into the bloodstream as VLDL particles 

[132].  

 

VLDL assembly begins in the ER where the microsomal TG transfer protein (MTTP) 

incorporates TG into apoB100-containing particles, then it is transferred into the Golgi 

apparatus for further lipidation into more mature VLDL particles, which involves the activity 

of apoCIII and other apolipoproteins [126,133,134]. During fasting, VLDL is considered an 

important source of concentrated FA supply to be used by the muscle for oxidation and 

producing energy (Fig. 1-2B) [135]. LPL is the key molecule that directs TG-VLDL to 

muscle and adipose tissues, and hydrolyzes TG, allowing the release of FFA [136].  VLDL 

production relies on exogenous FA rather than endogenously synthesized FA; less than 

5% of the TG incorporated in VLDL particles is derived from FA synthesized by DNL 

pathway [137,138]. The enhancement of DNL that was seen in ob/ob mice or caused by 

the inhibition of glucose-6-phosphatase was not associated with increased VLDL 

production [139,140].  

 

Another pathway for FA disposal in the liver is β-oxidation which occurs in both the 

mitochondria and peroxisomes. The non-esterified form of SCFA and MCFA permeate the 

mitochondrial membranes and then are activated by acyl-CoA synthetase into their fatty 

acyl-CoA derivatives. In contrast, LCFA (FA of 14-22 carbons) are activated into their fatty 

acyl-CoA derivatives in the cytosol and are imported into the mitochondrial interior via 

carnitine palmitoyl transferase I and II shuttle (CPT1/CPT2) [102].  

 

Higher uptake of LCFA can overwhelm the mitochondrial β-oxidation machinery, leading 

to incomplete oxidation and shifting acetyl-CoA toward ketogenesis where it is converted 

into ketone bodies (acetoacetate, β-hydroxybutyrate and acetone) instead of entering the 
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tricarboxylic acid (TCA) cycle [141]. The β-oxidation of very LCFA which are composed of 

24-26 carbon, takes place in the peroxisomes, and is associated with heat and hydrogen 

peroxide production rather than production of ATP [142,143]. The end product of 

peroxisomal oxidation of VLCFA, octanoyl-CoA, is taken up by the mitochondria for further 

oxidation into acetyl-CoA [143,144]. Peroxisomal α-oxidation is specialized for the 

degradation of phytanic acid, a branched chain FA that can be obtained from dairy 

products [142]. Hepatic FA ω-oxidation occurs in the ER and produces long chain 

dicarboxylic acids which are further metabolized by peroxisomal β-oxidation into SCFA 

that can be taken up by the mitochondria for complete oxidation or directed toward the 

ketogenesis pathway [145]. In addition to its action in facilitating the hepatic uptake and 

transport of FA and acyl-CoAs to different organelles, LFABP interacts with and delivers 

FA and other ligands to transcription factors such as the nuclear peroxisome proliferator-

activated receptor alpha (PPARα) [146]. The expression of PPARα is high in the liver 

because of its role in regulating hepatic lipid metabolism by inducing the expression of 

enzymes involved in peroxisomal and mitochondrial FA β-oxidation [147]. 

 

As mentioned previously, lipid uptake, synthesis, and disposal in the liver are usually in 

balance and tightly regulated. Accumulation of hepatic lipids as a result of increased FA 

delivery, increased synthesis, or reduced disposal via oxidation, and/or reduced fat export 

as VLDL particle, enhances the development of fatty liver and eventually leads to hepatic 

steatosis (Fig. 1-3C). Many studies have shown that the excessive accumulation of 

hepatic TGs is mainly due to the excessive delivery of FFA from adipose tissues and 

higher rate of hepatic DNL of FA, rather than a reduction in β-oxidation or VLDL export 

[148,149]. 
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Figure 1-3: Major sources for hepatic fatty acids during feeding, fasting and hepatic 

liver disease. A, During the feeding state the dietary FAs are esterified into TG which is 

packed into chylomicrons and released into the circulation to supply lipids to muscle and 

adipose tissue. The resultant chylomicron remnants are taken up by the liver, releasing 

FAs within hepatocytes. Other source of FA in the liver is DNL where carbohydrates, such 
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as glucose, are utilized to produce FA. In order to metabolize FAs, they should be 

activated to form fatty acyl-CoA molecules, which can be directed either to oxidation or be 

incorporated into complex lipids, such as TG, which can be stored as lipid droplets or 

packed into VLDL for secretion. B, During the fasting state, TG stores in adipose tissues 

and hepatocytes are mobilized to release FA. DNL also contributes to FA source during 

fasting. C, Fatty liver disease can result from overnutrition and insulin resistance, leading 

to higher blood levels of FA due to the increased rate of adipose tissues lipolysis. Hepatic 

FA uptake and DNL will be increased, and the extra supply of FA cannot be consumed by 

oxidation, therefore, it will be directed towards TG synthesis leading to its accumulation in 

lipid droplets and VLDL overproduction. Bold arrows indicate the higher rates of metabolic 

activities. The illustration is adapted with permission from ref. [126]. Copyright 2018, 

American Physiological Society. 
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FABPs 

As FA, of hydrophobic nature, are going to be transported within the hydrophilic cytoplasm, 

they will need to be carried by intracellular proteins to ensure efficient transportation and 

trafficking. The FABP family of proteins, discovered for the first time in the 1970s and have 

since been identified as cytosolic proteins that can bind not only FA but many other 

hydrophobic ligands as well [122,150]. These 14-15kDa proteins have highly conserved 

tertiary structures that are composed of 2 small α-helices and 2 antiparallel β-sheets 

composed of 10 β-strands, forming a “clam shell” necessary for ligand binding [151] (Fig. 

1-4).  

 

The mammalian FABP family is composed of 9 FABPs (Table 1-1) that are members of a 

superfamily of lipid-binding proteins which contains also retinol/retinoic acid binding 

proteins [152]. Unlike retinoid binding proteins which are expressed in both fully 

differentiated and developing tissues, FABPs are expressed only in fully differentiated 

tissues [153]. While most tissues express one FABP, there are some tissues having more 

than one type [84]. FABPs of the same type but from different mammalian species share 

~ 90% homologies [154] and have high binding affinity for LCFAs (>14C) and other 

hydrophobic ligands [155]. FABPs play a fundamental function in facilitating the uptake 

and the transport of lipids to different cellular compartments, for example to the ER for 

synthesis and secretion of TG-rich chylomicron and for membrane synthesis; to lipid 

droplets for storage; they also can traffic FA to the mitochondria or peroxisomes for 

oxidation; or to the nucleus for signaling and regulation of gene transcription [156]. 

Furthermore, FABPs have an important role in maintaining membrane integrity  by being 

reservoirs for FA in the cytoplasm, preventing lipotoxicity and protecting the cell from the 

detergent effects caused by high concentrations of non-protein bound FA, by trafficking 
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FA to enzymes involved in their synthetic incorporation into TGs and PLs, or to be directed 

to oxidation pathways (Fig 1-4) [156,157].  

 

Figure 1-4: Structure and functions of FABPs. FABPs are intracellular lipid binding 

proteins that have been proposed to play important roles in the uptake and trafficking lipids 

to different compartments: for example to lipid droplets for storage; to the mitochondria or 

peroxisomes for oxidation; to the ER for signaling and membrane synthesis; to cytosol for 

regulating enzymes activity; to the nucleus for regulating the expression of genes involved 

in lipids metabolism via interaction with nuclear hormone receptors (NHRs). The 

illustration is adapted with permission from ref. [156]. Copyright 2008, Nature Publishing 

Group. 
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Table 1-1: FABPs family members [158]. 

Common name Abbreviation Expression site(s) 

Liver FABP Fabp1 (LFABP) Liver, intestine, kidney 

Intestinal FABP Fabp2 (IFABP) Intestine 

Heart FABP Fabp3 (HFABP) 
Heart, skeletal muscle, brain, 

kidney, adrenal gland, 
mammary gland 

Adipocyte FABP Fabp4 (AFABP) Adipocyte, macrophage 

Epidermal FABP 
Fabp5 (EFABP, 

KFABP) 

Skin, adipose tissue, 
mammary gland, brain, 
intestine, kidney, liver 

Ileal FABP Fabp6 (ILBP) Ileum, ovary 

Brain FABP Fabp7 (BFABP) Brain 

Myelin FABP Fabp8 (MFABP) Peripheral nervous system 

Testis FABP Fabp9 (TFABP) Testis 

The table is adapted with permission from ref. [158]. Copyright 2008, Annual Reviews. 

 

FABP expression is high (2-5% of the total cytoplasmic proteins) in the tissues and cells 

that have high rates of lipid metabolism such as intestine, liver, adipose tissue and muscle. 

The binding affinity of FABPs to LCFAs helps to keep the concentration gradient for LCFAs 

uptake in the favor of passive diffusion. However, the expression of FABPs is greatly 

affected by intracellular FA concentration, increasing dramatically after chronic feeding of 

dietary lipids [159]. Also, it has been found that LFABP expression is affected by gender; 

being higher in female rat liver than male rat liver [160,161]. 
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Two of these lipid binding proteins, the LFABP and IFABP, are co-expressed in the 

proximal part of the small intestine. Based on our previous studies, it is suggested that 

these two proteins do not share the same exact functions, indicating the differential role 

they might have [162,163]. Therefore, in the current studies, we are focusing on the 

functions of these two proximal enterocyte FABPs, to better understand not only their role 

in liver and intestinal lipid processing, but also their interaction with other lumenal content 

such as the microbiota and its metabolites, and its impact on the whole body responses. 

Thus, we are going to discuss these two enterocyte FABPs in more detail.  

 

LFABP 

LFABP was the first identified FABP. Initially it was discovered in the liver (hepatocytes 

and HSCs), but was later found in the enterocyte, and expressed to a lesser extent in the 

human kidney [122,164-166]. The presence of LFABP in the plasma is considered to be a 

marker for hepatocellular injury [167]. LFABP has a higher binding capacity than the other 

FABPs; it has two binding sites that can bind two FA ligands instead of one, with a higher 

affinity towards SFA relative to UFA [168,169] and two MGs [170]. In addition to FA binding, 

LFABP is able to bind other types of lipid species, including but not limited to 

prostaglandins, lysophospholipids, ECs, cholesterol, and bile acids [168,169,171-174]. In 

contrast to all other FABPs, which transfer their ligands by a collisional mechanism, 

LFABP transfers the ligands to and from PL membranes by a diffusional mechanism 

[158,175]. 

 

In liver cytosol, LFABP is one of the most abundant proteins, constituting 2-5% of the 

soluble proteins [176]. LFABP has been proposed to have several functions, starting with 

facilitating the uptake and intracellular trafficking of FA to different organelles [119,177-

180]. Hepatic LFABP acts to direct dietary derived FA to the ER for the synthesis of TGs, 
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PLs and CE, and also to mitochondrial and peroxisomal oxidation [180-182]. Additionally, 

LFABP acts to bind and direct the exogenously derived FA into the nucleus. Inside the 

nucleus LFABP traffics FA to PPARα to induce the transcription of many genes that are 

involved in FA uptake and oxidation, including LFABP itself, which has a peroxisome 

proliferator response element (PPRE) [183-185]. Hepatocyte nuclear factor 4α (HNF4α) is 

another NHR that interacts with LFABP; it regulates a wide range of physiological activities 

including the expression of several hepatic genes that are involved in metabolism, cell 

junctions, anti-inflammatory effects, cell differentiation and organ development [186,187]. 

Hepatic and intestinal FA oxidation is reported to be reduced in the absence of LFABP; 

this reduction is thought to be due to decreased FA uptake, transport and availability 

without affecting the FA oxidative capacity [119,162,163,179,188,189]. Additionally, it has 

been reported that in Chang liver cells LFABP has an antioxidant activity that protects 

against cellular damage caused by reactive oxygen species [190]. 

 

In addition to its expression in the liver, LFABP is also abundantly expressed in the 

intestinal enterocyte. It is present in the intestinal segments where most of dietary lipid 

absorption takes place, i.e. in the duodenum and jejunum [191]. In rat enterocytes, it has 

been found that the localization of LFABP is affected by the nutritional status. During the 

fasting state LFABP localizes near the luminal membrane, while during feeding LFABP 

distributes though out the cytoplasm [192]. LFABP has a crucial role in the budding of 

prechylomicron transport vesicles (PCTVs) from the ER. These PCTVs are then directed 

to the Golgi apparatus where the prechylomicrons are further processed to form mature 

chylomicrons, which then leave the enterocytes and are carried through the lymphatic 

vessels into the general circulation [90,91,193]. Via this way, dietary lipid will reach different 

body compartments, and this emphasizes the important role that LFABP has in affecting 
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the availability of dietary lipid for other body tissues in addition to the small intestine and 

liver where it is expressed.  

 

Polymorphism of LFABP 

T94A LFABP, in which threonine is replaced by alanine at position 94, is one of the most 

common polymorphisms in LFABP. This replacement induces alteration in LFABP 

secondary structure, thermal stability, and conformational and functional responses to 

fibrates [194]. Expression of the T94A LFABP variant in human is associated with 

increased liver TG levels, nonalcoholic fatty liver disease and reduction in the 

effectiveness of fenofibrate, a PPARα agonist that is used to lower human plasma TG 

levels [195-197]. Additionally, transcription of LCFA β-oxidative enzymes was attenuated 

in human hepatocytes expressing the LFABP T94A variant relative to the predominant 

LFABP [196]. However, another study has shown that cultured cells expressing the T94A 

variant have the same antioxidant activity as the predominant LFABP [198]. 

 

IFABP 

The other FABP that is expressed abundantly in the proximal intestine is the IFABP 

(FABP2). Unlike LFABP, IFABP is solely expressed in the small intestine (mature 

enterocytes) with highest levels in the jejunum [167,199,200]. Like LFABP, the localization 

of IFABP is more at the apical membrane of the enterocytes than the basolateral 

membrane and in the villi rather than crypts [201]. IFABP localization is also affected by 

nutritional status, being localized at the apical side rather than basolateral side during 

fasting [192]. IFABP has a high affinity for both saturated and unsaturated LCFA with a 

single ligand binding site [168,169,202], and recently it has been shown to bind ECs as well 

[203]. IFABP transfers FA ligands to PL bilayer membranes by a direct protein-membrane 

collisional mechanism that is typical of other members of the FABP family [175]. In contrast 
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to LFABP, IFABP is not involved in chylomicron formation [90-92,193]. However, IFABP is 

proposed to have a role in the uptake and transportation of luminal FA to different 

enterocyte organelles [192]. IFABP gene expression is regulated by mechanisms other 

than what was found for LFABP. Expression of the IFABP gene is induced by PYY and 

down regulated by the epidermal growth factor [204].  

 

Polymorphism of IFABP 

In humans, no deletions of the IFABP or LFABP genes have been reported. However, like 

in LFABP, a single nucleotide polymorphism has been identified in IFABP, in which alanine 

is replaced by threonine at position 54 (A54T) [205]. The A54T polymorphism has been 

reported to have a higher binding affinity for LCFA than the predominant IFABP [205]. The 

expression of A54T variant in humans was associated with insulin resistance, increased 

TG synthesis and secretion, elevated plasma TG level, and higher susceptibility to 

atherosclerosis [205-208]. Interestingly, a recent study has shown that IFABP serum 

concentration is less in patients diagnosed with Covid-19 when compared to other patients 

that had a non-Covid pulmonary diseases or abdominal pain [209]. The functional 

significance of this finding, if any, is unknown. Both IFABP and LFABP appear in the 

circulation as well as in the urine, when there is intestinal membrane damage or enterocyte 

turnover [210,211].   

To study the functions of LFABP and IFABP at the whole-body physiological level, mouse 

models have been used.  

 

LFABP-/- mice 

A global knockout (KO) of LFABP (LFABP-/-) was generated by two groups independently 

on the C57BL/6 background [179,189]. Schroeder and Binas group’s LFABP whole-body 

KO mice were generated by a complete deletion of all four exons of the LFABP gene along 
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with the promoter region and had their first report on those mice published in 2003 [179]. 

These mice were backcrossed to the C57BL/6N mouse strain six times [179]. From those 

mice our LFABP-/- mice were derived and they were further backcrossed to C57BL/6J 

[162,163]. The other laboratory, the Davidson group also published their first report in 2003 

in which green fluorescent protein was “knocked in” to exons1 and 2 of the LFABP gene 

[189]. These mice were kept on the C57BL/6J background [189,212].  

  

LFABP-/- mice from these two laboratories were shown to have differences in body weight 

under HFD feeding regimen. The Schroeder group found that their KO mice gained more 

weight than their counterpart control mice [213,214]. In contrast, the Davidson group found 

that their male and female LFABP-/- mice were protected against diet induced obesity, 

however the diet used for most of their studies was deficient in essential FAs [189,212]. 

Despite the body weight differences, both lines displayed a protection against hepatic 

steatosis, reduction in FA oxidation and VLDL secretion which is thought to be due to 

defects in FA uptake and availability [177-179,188,189,212,214,215]. The observed 

differences in the body weight phenotypes between the two groups’ mice could be 

attributed to the difference in the strategies that were used to generate the KO mice, HFD 

composition, strains background, caging environment or even the gut microbiome 

composition. 

  

IFABP-/- mice 

A single line of IFABP-/- mice was generated by the Agellon laboratory on the C56BL/6J 

background [216]. There was a sexual dimorphism in the body weight of IFABP-/- mice in 

response to a HFD. Both male and female were fed a 35% Kcal fat HFD as coconut oil 

with 1.25% cholesterol for 19 weeks. Male IFABP-/- mice were found to have increased 

body weight and hepatic lipid accumulation relative to male WT mice, while in female 
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IFABP-/- mice there was less body weight gain when compared to their WT control mice 

[216]. From the Agellon line of IFABP-/- mice our mice were derived and maintained on the 

C56BL/6J background, and this substrain has been used [162,163].  

 

Comparing LFABP and IFABP Whole-Body Knockout Mice 

In our laboratory, Lagakos et al. studied the intestinal phenotypes of LFABP-/- and IFABP-

/- mice [163], providing the first direct comparison of KOs for these co-expressed proteins. 

For baseline phenotypic evaluation, LFABP-/- and IFABP-/- male mice were fed a chow 

diet. No dramatic changes in the body weight of either LFABP-/- and IFABP-/- mice were 

observed when they were compared to the WT control mice. The ablation of either IFABP 

or LFABP did not result in up-regulating the mucosal expression of the other intestinal 

FABPs. The studies revealed that LFABP has a role in directing FA towards oxidative 

pathways as seen by the impairment in FA oxidation caused by LFABP ablation. 

Additionally, there was a lower TG/PL ratio in the enterocytes of IFABP-/- after the dietary 

administration of 14C oleate and a lower TG/PL ratio in the enterocytes of LFABP-/- mice 

after dietary administration of 3H monoolien, suggesting that IFABP may play a role in 

directing dietary FA towards the synthesis of TG and LFABP is important in incorporating 

MG into TG relative to PL [163]. Feeding these mice with a semipurified 10% kcal low fat 

diet gave the same results as the chow diet and both IFABP-/- mice and LFABP-/- mice 

showed no dramatic whole-body phenotypic differences when they were compared to the 

WT control mice [162]. 

 

It was hypothesized that challenging those mice with a HFD may reveal phenotypic 

changes in the body weight. In a study by Gajda et al., HFD was administered to 8 week 

old LFABP-/- and IFABP-/- male mice for 12 weeks. In response to this HF load, LFABP-/- 

mice displayed a higher body weight and FM than WT mice, and showed a lower 
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respiratory exchange ratio (RER) than WT mice, indicating that these mice utilized lipid as 

their primary energy source [162]. In contrast to LFABP-/- mice, IFABP-/- mice, upon HF 

feeding, gained less weight, less FM and remained lean relative to WT. IFABP-/- mice had 

higher RERs than WT mice, suggesting that these mice were using carbohydrate as a 

primary energy source [162]. Furthermore, there was an alteration in food intake of LFABP-

/- and IFABP-/- mice. LFABP-/- mice showed a higher food intake which may be related to 

higher mucosal levels of two of the ECs, 2-AG and AEA, while IFABP-/- mice showed a 

lower food intake than WT mice [162]. However, an assessment of feeding efficiency did 

not fully explain the alterations in the body weight that have been observed in both LFABP-

/- and IFABP-/- mice. Most interestingly, challenging those mice with chronic HF feeding 

revealed that the concentration of lipid in the feces did not differ between the three groups 

of mice suggesting that there is no lipid malabsorption accompanying the ablation of 

LFABP or IFABP.  

 

Surprisingly, although LFABP-/- mice gained substantially more weight and FM than WT 

mice, they appeared to remain healthy, showing glucose, insulin and lipids levels that are 

comparable to the WT [162]. Although obese HF fed WT mice were shown to have slower 

intestinal TG secretion rates than the non-obese mice [217,218], the intestinal TG secretion 

rates were not different in LFABP-/- mice from that of the WT mice [162]. Additionally, 

despite their heavier body weight and increased FM, LFABP-/- mice were protected against 

HFD induced hepatic steatosis [213], had a higher spontaneous activity than the control 

mice [162], and were protected from HF feeding induced decline in exercise capacity, 

running about double the distance when compared to the WT mice [219]. After 

intraduodenal administration of 14C oleate to IFABP-/- and LFABP-/- mice and 3H monoolien 

to LFABP-/- mice, there was a lower TG/PL ratio in the enterocytes of both IFABP-/- and 

LFABP-/- mice, indicating that both IFABP and LFABP are important to incorporate FA into 
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TG relative to PL, and LFABP is important in directing MG towards TG synthesis rather 

than PL [162].  

 

These findings further suggest that LFABP-/- mice can be considered a model of healthy 

obesity. It has been found that there is a group of overweight and obese population still 

considered to be healthy, showing a lower level of comorbidities that are usually 

associated with obesity; although those people have a high body mass index that is above 

30, they do not have a metabolic syndrome. A new term has been given to this 

phenomenon, a “metabolically healthy obesity” (MHO) [220,221]. Because of LFABP 

expression in both the intestine and the liver, it is unknown whether these alterations and 

the observed MHO phenotype are due to its ablation from the intestine, the liver or whether 

simultaneous ablation from both the intestine and the liver is required. 

 

It is also worth mentioning that in both LFABP-/- and IFABP-/- mice there was no 

compensatory up-regulation of the gene expression or protein abundance of other FABPs 

present in the intestine when challenged with either chow diet or HFD [162,163]. The 

overall studies strongly support the distinct functional role of LFABP and IFABP in the 

intestine regarding the modulation of lipid metabolism and transport and in whole body 

homeostasis. 

 

As mentioned above, IFABP null mice were found to have a leaner phenotype when 

compared to the WT counterparts following HFD feeding. This might be explained in part 

by the reduced food intake [162]. No significant difference was found in the fecal lipid 

percentage, thus not explaining in full the observed phenotype of the IFABP-/- mice. 

However, we have recently found that HF fed IFABP-/- mice have a blunt villus phenotype, 

thinner muscularis layer, reduced goblet cell and Paneth cell densities, reduced transit 
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time and increased intestinal permeability. Furthermore, despite the comparable 

concentration of fecal lipids between IFABP-/- and WT mice, IFABP-/- mice excreted more 

feces than the WT mice. All of these findings are indicative of a general nutrient 

malabsorption, including lipid malabsorption, which might contribute to the lower body 

weight phenotypic changes that were observed in IFABP null mice [222].  

 

Summary: 

The proximal intestinal enterocyte FABPs, LFABP and IFABP, are highly abundant lipid 

binding proteins in the small intestine and the liver, two tissues with high lipid processing 

capacity. Both proteins have high affinities for FAs, and appear to serve as a buffer to 

control the uptake and trafficking of lipids within the cytoplasm into different metabolic 

pathways. Despite their similar tertiary structures, in vitro studies have shown differences 

in ligand binding, affinities to FAs, mechanisms of delivery, and interaction with 

transcriptional factors, suggesting their distinct roles in lipid transport and metabolism. In 

vivo studies in mice, revealed that LFABP-/- and IFABP-/- mice had a divergent phenotypes 

in response to long-term HF feeding. While IFABP-/- mice remain lean, LFABP-/- mice 

become more obese. In addition to the body weight differences, these mice were showing 

different intestinal lipids distribution. These findings have confirmed the different roles for 

each of these proteins in regulating whole-body energy homeostasis. Recently, it has been 

found that IFABP-/- mice have a disturbance in their intestinal structure, transit time and 

fecal output. There is a new emerging concept about the pivotal role and effect of gut 

microbiota on intestinal health and how it influences the whole-body energy homeostasis 

via organ crosstalk [223-225]. Therefore, it is of great interest to determine the intestinal 

bacterial composition in IFABP-/- and LFABP-/- mice and its relationship with the 

phenotypes that are observed in these mice.  
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Despite their obesity, whole-body LFABP-/- mice were a good model of MHO phenotype, 

displaying protection against a HFD induced decline in exercise activity and hepatic 

steatosis. It is important to remember that in addition to its expression in the intestine, 

LFABP is also expressed in the liver. As noted above, therefore, it is unknown whether 

the phenotypes observed in the HF fed LFABP-/- are a result of the ablation of liver-LFABP, 

intestinal-LFABP, or ablation of both is necessary. Therefore, the aims of this thesis 

project are: 

 

Specific Aims: 

Specific Aim 1: To assess the effect of whole-body ablation of LFABP and IFABP on gut 

microbiota composition  

As mentioned above, the whole body KO of LFABP was associated with obesity. However, 

those mice were an example of MHO phenotype; the mice displayed a glucose tolerance, 

insulin and lipids levels that are comparable to their WT controls and they were protected 

against the HF feeding induced decrease in endurance exercise activity [162,219].  The 

intestinal morphology of LFABP-/- mice appears normal (unpublished data). On the other 

side, although IFABP-/- mice were fed the same HFD, they were leaner than their WT 

controls, have better glucose tolerance and comparable lipid profile to the WT control [162]. 

However, IFABP-/- mice also showed changes in their gut motility and signs of deterioration 

in gut barrier integrity [222]. Those effects may be related to the fact that the HFD induces 

alterations in intestinal microbiota, which can have either beneficial or detrimental effects 

on the host. Studies in chapter 2 will target this aim and investigate the microbiota 

composition in both genotypes in relation to the WT microbiota, in order to determine 

whether alterations in gut microbiota composition and its metabolites are associated with 

the whole-body phenotypes that have been observed in both LFABP-/- and IFABP-/- mice. 
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Specific Aim 2: To examine the contribution of liver-LFABP to the MHO phenotype that 

has been observed in HF-fed whole-body LFABP-/- mice 

LFABP-/- mice seem to be a good model of MHO, being normoglycemic, normoinsulinemic 

and normolipidemic. Because LFABP is expressed in both the liver and the intestine, we 

need to understand the underlying causes of the phenotype that was noted in the global 

LFABP-/- mice and whether it is related to the ablation of LFABP in the intestine or in the 

liver, or whether concomitant ablation of both genes is required. Thus, the second aim 

(chapter 3) is focused on our LFABP conditional KO (cKO) to assess the role of LFABP 

specifically within the liver, and the impact of its ablation on whole-body energy 

homeostasis. Floxed LFABP (LFABPfl/fl) WT mice were used to generate liver-specific 

LFABP null mice through mating with mice that express Cre recombinase driven by the 

albumin promoter which has its highest activity in the liver [226]. The resultant liver-specific 

LFABP null mice (LFABPliv-/-) and control LFABPfl/fl mice were fed a 45% kcal fat HFD for 

12 weeks. They were compared for body weight gain, body composition, food intake, 

indirect calorimetry, endurance capacity and plasma levels of glucose, insulin, lipids and 

other metabolic indicators that are used to assess whole-body energy homeostasis. 

Studies in this aim will establish the contribution of liver-LFABP to the phenotypic and 

metabolic changes observed in the global LFABP-/- mice. 

 

Specific Aim 3: To determine the effect of liver-specific ablation of LFABP on hepatic 

steatosis, and whether there is shifting of FA uptake into tissues other than the liver   

Previously, it has been shown that global LFABP-/- protected HF fed mice against hepatic 

steatosis [213], and reduced hepatic FA uptake and oxidation [179,189]. This may increase 

the availability of LCFAs to either be oxidized in the muscle or to be stored in adipose 

tissue [213,219]. Thus, in aim 3 (chapter 3), we tested whether the cKO of LFABP from the 

liver alone  protects the liver against HFD induced hepatic steatosis, and also examined 



38 
 

 

the potential mechanisms underlying such potential protection, including increased 

hepatic TG secretion, reduced hepatic FA uptake and/or increased FA oxidation. We 

hypothesized that there will be a reduction in hepatic FA uptake, resulting in a protection 

against hepatic steatosis, and leading to FA clearance into other tissues like adipose 

tissue, intestine or muscle, secondary to higher concentration of circulating FA. 
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Chapter 2 

 

Gut Microbiota and Phenotypic Changes 

Induced by Ablation of Liver- and Intestinal- 

Type Fatty Acid Binding Proteins (LFABP 

and IFABP) 
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Abstract 

Intestinal fatty acid binding protein (IFABP; FABP2) and liver fatty acid binding protein 

(LFABP; FABP1) are small intracellular lipid binding proteins. Deficiency of either of these 

proteins in mice leads to differential changes in intestinal lipid transport and metabolism, 

and to markedly divergent changes in whole-body energy homeostasis. The gut 

microbiota has been reported to play a pivotal role in metabolic process in the host and 

can be affected by host genetic factors. Here, we examined the phenotypes of wild-type 

(WT), LFABP-/- and IFABP-/- mice before and after high fat diet (HFD) feeding and applied 

16S rRNA gene V4 sequencing to explore the gut microbiota structure and its associations 

with the phenotypes. The results show that compared with WT and IFABP-/- mice, LFABP-

/- mice  gained more weight, had slower intestinal transit time, less fecal output and more 

bacterial guilds containing bacteria associated with obesity, such as the guild including 

Desulfovibrionaceae. By contrast, IFABP-/- mice were the leanest, had the fastest intestinal 

transit time, the most fecal output and the highest abundance of potentially beneficial 

bacterial guilds such as those including Akkermansia, Lactobacillus and Bifidobacterium. 

These genotype-related bacterial guilds were associated with body weight. Interestingly, 

compared with WT mice, the levels of short-chain fatty acids (SCFAs) in feces were 

significantly higher in LFABP-/- and IFABP-/- mice under both chow and HF diets. 

Collectively, these studies show that the ablation of LFABP or IFABP induced marked 

changes in the gut microbiota and these were associated with phenotypic changes found 

in these mice.  
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Introduction 

Fatty acids binding proteins (FABPs) are a family of 14-15kDa intracellular proteins that 

are thought to transport fatty acids (FAs) and other lipophilic molecules within the cell 

interior [84,227]. Liver fatty acid-binding protein (LFABP, FABP1), the first member 

identified [122,164], is highly expressed in the liver and also found abundantly in the 

proximal intestine [228]. In contrast to other FABPs which bind a single molecule of ligand, 

LFABP binds two molecules of long-chain fatty acids (LCFAs) or two molecules of 

monoaglyceride (MG), in addition to a variety of other hydrophobic ligands including 

cholesterol, bile acids, lysophospholipids, and endocannabinoids (ECs) [170-

173,202,203,229]. In addition to LFABP, intestinal fatty acid-binding protein (IFABP, 

FABP2) is also found in the small intestine (SI), its sole tissue of expression [216,228]. 

IFABP has a high affinity for both saturated and unsaturated LCFAs with a single ligand 

binding site [168,169,202], and has recently been shown to bind ECs as well [203]. While 

their precise functions are not entirely known, both of the enterocyte FABPs are 

considered to be important as reservoirs for cytoplasmic FAs, preventing lipotoxicity 

caused by elevated intracellular free fatty acid (FFA) levels, and to traffic FAs to enzymes 

involved in their synthetic incorporation into triglycerides (TGs) and phospholipids (PLs), 

or in their oxidation [84,230]. It is also suggested that FABPs may traffic their ligands to 

proteins involved in cellular signaling [157]. 

 

Although both IFABP and LFABP are expressed in the same cell type, the proximal 

intestinal enterocyte, and while both bind LCFAs, we have demonstrated that the two 

proteins are functionally distinct. In vitro studies revealed markedly different mechanisms 

of ligand transfer between IFABP or LFABP and membranes [84,175].  Further, it was 

found using mice null for either of these genes that LFABP is involved in directing intestinal 

MGs toward TG synthesis and FAs to oxidative pathways, while IFABP directs FAs toward 
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synthesis of TG [162,163]. In addition to these local cellular effects, many phenotypic and 

metabolic differences at the whole-body level have also been observed between the 

LFABP and IFABP null mice. Specifically, mice null for LFABP become heavier and fatter 

on a HFD than WT mice, with a lower respiratory exchange ratio (RER) indicative of 

increased fat oxidation [162,212,213], supporting a role of LFABP in regulating whole-body 

energy homeostasis. The increase in body weight of LFABP-/- mice was, in part, due to 

higher food intake which may be secondary to the increase in mucosal levels of the ECs, 

2-arachidonoylglycerol (2-AG) and arachidonoylethanolamine (AEA) [162]. Despite their 

obese phenotype, LFABP-/- mice are normoinsulinemic, normoglycemic, normolipidemic, 

displayed higher levels of spontaneous activity than the WT control mice [162], and are 

protected against the HFD-induced decline in endurance exercise capacity [219]. Due to 

these aforementioned metabolic changes, mice null for LFABP are considered an example 

of a “metabolically healthy obese” (MHO) phenotype.  

 

Conversely to LFABP-/-, we found that ablation of IFABP results in less weight gain upon 

HFD feeding relative to WT, with IFABP-/- mice having a higher RER, indicative of greater 

carbohydrate oxidation, and a lower food intake than WT mice [162]. IFABP ablation did 

not result in higher fecal lipid concentration [162], however, we recently found that HFD 

fed IFABP-/- mice have blunt villi, a thinner muscularis layer, reduced goblet cell and 

Paneth cell densities, reduced transit time, increased fecal excretion, and increased 

intestinal permeability [222]. These findings are indicative of nutrient malabsorption, 

including lipid malabsorption, which likely contributes to the leaner phenotype observed in 

IFABP null mice [222]. The markedly different whole-body phenotypes in LFABP-/- vs. 

IFABP-/- mice support a growing understanding of gut lipid metabolism and transport as 

an important regulatory factor in whole-body energy homeostasis. Notably, the phenotypic 

changes were not due to compensatory changes in the expression of the other FABPs 
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located in the small intestine of IFABP-/- and LFABP-/- mice [162], further supporting the 

independent and distinct roles of the proximal SI FABPs, IFABP, and LFABP, in intestinal 

and whole-body homeostasis.  

 

It is now well established that gut microbiota play an essential role in host health and can 

modulate many host metabolic processes including lipid metabolism [224] and energy 

homeostasis [223] through multiple direct and indirect biological mechanisms.  These 

include production of a variety of metabolites such as short chain fatty acids (SCFAs), 

lipopolysaccharide (LPS), secondary bile acids and others [223,231]. The structure of the 

gut microbiota is dynamic and can be affected by the amount and composition of dietary 

carbohydrates and fats [232-235]. While most of the products of dietary lipid digestion are 

absorbed in the proximal small intestine, a minority will pass through the gastrointestinal 

tract and directly modulate the gut microbiota composition in the distal intestine, via 

modulation of bacterial growth and by influencing bacterial metabolism as substrates [231]. 

Additionally, host genetic factors can affect the gut microbiota composition. For example, 

using 113 different strains in the Hybrid Mouse Diversity Panel, Org et al. found that seven 

host loci were significantly associated with the gut microbiota composition [236]. The genes 

in the identified loci were involved in processes related to lipid metabolism, innate immune 

responses, and acute-phase immunological responses to LPS [236].  

 

To gain insight into whether the observed dramatic whole-body phenotypic divergence 

between IFABP-/- and LFABP-/- mice was associated with gut microbiota, here we 

compared the microbiome of WT, IFABP-/- and LFABP-/- before and after an 11-week high 

saturated fat feeding period. Our findings indicate that alterations in bacterial communities 

as a function of genotype and secondary to HFD feeding are associated with the lean 

phenotype of the IFABP-/- mice, and with the MHO phenotype of the LFABP-/- mice. 
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Experimental Procedures  

Animals and Diets 

LFABP‐/‐ mice on a C57BL/6N background were generously provided by Binas and 

coworkers [179]. The mice were additionally backcrossed with C57BL/6J mice from The 

Jackson Laboratory (Bar Harbor, ME) as described previously [163,219]. IFABP‐/‐ mice 

used in the present studies are a substrain bred by intercrossing of the original IFABP‐/‐ 

mice [216], and are also on a C57BL/6J background as described [162,163]. WT C57BL/6J 

mice from The Jackson Laboratory bred in our facility are used as controls. Mice were 

maintained on a 12‐hour light/dark cycle and allowed ad libitum access to standard rodent 

chow (Purina Laboratory Rodent Diet 5015). At 2 months of age, male LFABP‐/‐, IFABP‐/‐, 

and WT mice were housed 2‐3 per cage and fed a 45% Kcal fat HFD (D10080402; 

Research Diets, Inc., New Brunswick, NJ) for 11 weeks; the lipid sources were cocoa 

butter (43% kcal) and soybean oil (2% kcal) Table 2-1 and 2-2. 

 

Table 2-1: Diet composition of high saturated fat diet [162]. 

 HFS 

 grams kcal 

Casein 200 800 

L-Cystine 3 12 

Corn starch 1.2/128 72.8 291 

Maltodextrin 100 400 

Sucrose 172.8 691 

Cellulose 50 0 

Soybean Oil 10 90 

Cocoa Butter 192.5 1733 

Mineral mix 45 0 

Vitamin mix 10 40 

Choline Bitartrate 2 0 

Total 858.1 4057 
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Table 2-2: FA composition of high saturated fat diet [162]. 

 
HFS 

grams/4057 kcal 

C16 49.9 

C16:1 0.4 

C18 64.3 

C18:1 65.2 

C18:2 10.7 

C18:3 1.0 

%  

Saturated fatty acids 60.0 

Monounsaturated fatty acids 33.9 

Polyunsaturated fatty acids 6.1 

 

 

Body Weight and Food Intake  

At 2 months of age, mice were fed the HFD. The mice were maintained on this diet for 11 

weeks, and body weights were measured each week. Food intake was assessed using 

the Oxymax system (Columbus Instruments, Columbus, OH) during week 10-11 of the 

feeding protocol. Mice were placed in chambers (1 mouse per chamber) with food for 48 

hours. The first 24 hours were used as an acclimation period, while the second 24-hour 

period was used to measure food intake. 

 

Intestinal Transit Time 

Transit time measurements were performed between week 10 and 11 of the HFD period. 

Prior to the start of the experiment, mice were individually housed. After two hours of 

acclimation, mice were given 250μL of 6% carmine red and 0.5% methylcellulose (Sigma-

Aldrich, St. Louis, MO) in PBS by oral gavage. After gavaging the mice, the cages were 

checked every 10 minutes and the time of appearance of the first red fecal pellet recorded 

[237,238]. 
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Total Fecal Excretion 

Mice were housed 2-3 per cage. Feces from each cage were collected every 3-4 days 

between weeks 10 and 11 of the HFD feeding period, dried overnight at 60oC, and then 

weighed. The weight of the feces was divided by the number of mice in the cage, and by 

the number of days of collection. In order to control for differences in food intake, fecal 

excretion in grams was normalized by dividing it by the respective 24-hour food intake. 

 

Gut microbiota analyses 

Fresh fecal pellets were collected from 6 individual mice per genotype at baseline and 

again after 11 weeks of HFD feeding.  Samples were snap frozen in liquid nitrogen and 

stored at -80°C until analysis. Genomic DNA was extracted using the QIAmp Power Fecal 

DNA kit (QIAGEN, Germantown, MD), as per manufacturer instructions. The 

hypervariable region V4 of the 16S rRNA gene was amplified using the 515F and 806R 

primers modified by Parada et. al. [239] and Apprill et. al. [240] and sequenced using the 

Ion GeneStudio S5 (ThermoFisher Scientific, Waltham, MA). Primers were trimmed from 

the raw reads using Cutadapt [241] in QIIME 2 [242]. Amplicon sequence variants (ASVs) 

[243] were obtained by denoising using the dada2 denoise-single command in QIIME 2 

with parameters --p-trim-left 0 –p-trunc-len 215. Spurious ASVs were further removed by 

abundance filtering [244]. A phylogenetic tree of ASVs was built using the QIIME 2 

commands alignment mafft, alignment mask, phylogeny fastree, and phylogeny midpoint-

root to generate weighted UniFrac metrics. Taxonomy assignment was performed using 

the q2-feature-classifier plugin [245] in QIIME 2 based on the silva database (release 132) 

[246]. The data were rarified to 17,000 reads/sample for subsequent analyses.  

 

Overall gut microbiota structure was evaluated using alpha diversity indices (Shannon 

index and observed ASVs) and beta diversity distance metric (weighted UniFrac). 
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Principal coordinates analysis (PCoA) was performed using the R "ape" package [247] to 

visualize differences in gut microbiota structure between treatment groups along principal 

coordinates that accounted for most of the variations. Random Forest analysis was 

performed and cross-validated using the R "randomForest" package [248] and the "rfcv" 

function respectively to test for correlations between gut microbiota composition and body 

weight. Figures were visualized by the R "ggplot2" package [249] and "pheatmap" package 

[250].  

 

ASV shared by > 25% of the samples were considered prevalent and selected for the guild 

level analysis. Pairwise correlations among the ASVs were calculated using the method 

described by Bland and Altman [251]. The correlation values were converted to a 

correlation distance (1 – correlation value) and the ASVs were clustered using the Ward 

clustering algorithm. From the top of the clustering tree, permutational multivariate 

analysis of variance (PERMANOVA; 9999 permutations with a P < 0.001 cut-off) was used 

to sequentially determine whether the two clades were significantly different and 

accordingly clustered the prevalent ASVs into guilds [252]. 

 

GC/MS Analysis of SCFAs in fecal samples 

SCFA species, including acetate, propionate, isobutyrate, butyrate, isovalerate, and 

valerate from fecal samples of WT, IFABP-/- and LFABP-/- mice were analyzed by GC/MS 

as described previously [253], at the core facility of the New Jersey Institute for Food, 

Nutrition, and Health of Rutgers University.  
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Results 

Body weight gain differs in WT, IFABP-/- and LFABP-/- mice after chronic HF feeding 

After 11 weeks of 45% Kcal HF feeding, IFABP-/- mice gained less weight and remained 

lean when compared to both WT and LFABP-/- mice, in agreement with previous results 

[162,222]. In addition, and also in keeping with our previous finding [162], LFABP-/- mice 

gained more weight than WT mice after 11 weeks on HFD (Fig. 2-1A). 

 

Intestinal transit time and total fecal excretion are altered in mice lacking IFABP and 

LFABP  

As we have reported previously [222], IFABP-/- mice displayed faster intestinal transit time 

on the HFD, and higher fecal output normalized for food intake, suggesting some 

malabsorption of lipid and other nutrients (Fig. 2-1B and C). Interestingly, the 45% Kcal 

HF fed LFABP-/- mice displayed significantly slower intestinal transit times than their WT 

controls (Fig. 2-1B), and a significant decrease in total fecal excretion normalized for total 

food intake (Fig. 2-1C). These changes may contribute, in part, to the increased body 

weight gain relative to the WT [162]. The observed changes in the intestinal transit time 

and fecal excretion in both IFABP-/- and LFABP-/- mice, relative to WT and to each other, 

imply that there might be an alteration in the gut microbiome composition as another study 

suggested [254]. 
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Figure 2-1:  Alterations in body weight and intestinal motility in WT, IFABP and 

LFABP knockout mice after 11 week on HFD. A, body weight in week 0 and week 11; 

B, Intestinal transit time; C, Total fecal output. Repeated measures ANOVA with Tukey’s 

post hoc was applied in (A). One-way ANOVA with Tukey’s post hoc was applied in (B) 

and (C). * P < 0.05, *** P < 0.001. (B) and (C) were from a separate group of mice with 

the same genotypes and fed the same HFD. 
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The microbiota composition is altered by IFABP and LFABP ablation and shows 

different responses to HFD 

To explore whether IFABP-/- and LFABP-/- mice displayed alterations in the gut microbiota, 

we collected fecal samples from WT, IFABP-/- and LFABP-/- mice (n = 6 per group) at both 

week 0 (8 weeks of age, prior to the HFD feeding period) and at week 11 of HF feeding, 

to profile gut microbiota composition via 16S rRNA gene v4 sequencing. In total, 785 

bacterial amplicon sequence variants (ASVs) [243] were identified from the 36 samples. 

At week 0, LFABP-/- mice had a significantly higher Shannon index than WT (Fig. 2-2A). 

At week 11, the differences between LFABP-/- and WT mice remained and LFABP-/- mice 

also had significantly higher Shannon index than IFABP-/- mice. Within each genotype 

there was no change in Shannon index from week 0 to week 11. Both knockout groups 

had significantly more ASVs than WT mice at week 0 (Fig. 2-2B). At week 11, the ASV 

number showed the same differential pattern as the Shannon index among the 3 groups. 

Only in WT mice was there a significant increase in ASV number from week 0 to week 11. 

These results show that IFABP-/- mice have increased gut microbiota diversity relative to 

WT only under normal chow, while LFABP-/- mice have increased diversity relative to WT 

under both normal chow and following prolonged HF feeding, and to IFABP-/- mice under 

HFD only. In contrast to the WT mice, the HFD treatment had no effect on the alpha 

diversity of gut microbiota in either of the FABP knockout mice. 

 

To compare the overall structure of the gut microbiota across groups, scatter plots of 

principal coordinate analysis based on weighted UniFrac distance were constructed (Fig. 

2-2C).  The HFD significantly changed the gut microbiota structure in all groups, with clear 

segregations observed between week 0 and week 11 within each genotype 

(PERMANOVA test P = 0.004 in each group). At week 0, both knockout groups were 

significantly different from WT (IFABP-/- vs. WT P = 0.009; LFABP-/- vs. WT P = 0.004), 
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while there was no significant difference between IFABP-/- and LFABP-/- mice (P = 0.072). 

The dissimilarity between LFABP-/- and WT was significantly greater than that between 

IFABP-/- and WT (Fig. 2-2D). After the 11-week HF feeding, the three genotypes were 

significantly different from each other (IFABP-/- vs. WT P = 0.041; LFABP-/- vs. WT P = 

0.028; IFABP-/- vs LFABP-/- P = 0.004), and the dissimilarity between IFABP-/- and WT was 

similar to that between LFABP-/- and WT. These results show that compared with WT, 

both IFABP-/- and LFABP-/- significantly altered the overall gut microbiota structure under 

both normal chow and HFD treatment. The HFD altered the gut microbiome structure in 

the 3 genotypes, however, this effect was more profound in LFABP-/- mice. 
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Figure 2-2: Effect of IFABP and LFABP knockout and a HF diet on the gut microbiota. 

A, Shannon Index; B, ASV number; C, Principal coordinate plot based on weighted 

UniFrac distance; D, Weighted UniFrac distance from IFABP-/- and LFABP-/- to WT at each 

time point.  Data at different time points within the same genotype group were compared 

using the Wilcoxon matched-pairs signed-ranks test (two-tailed) and data at the same time 

point between the groups were compared using the Mann-Whitney test (two-tailed). * P < 

0.05, ** P < 0.01. Boxes show the medians and the interquartile ranges (IQRs), and the 

whiskers denote the lowest and highest values within 1.5 times the IQR from the 1st and 

3rd quartiles. 
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The abundance of bacteria is affected by genotypes and HF feeding 

Bacteria in the gut ecosystem form complex interactions as functional groups rather than 

existing in isolation [255]. Members that exploit the same class of resources in a similar 

way can be considered as a guild [256], in which the guild members typically show co-

abundance patterns. Thus, to identify potential guilds, we explored the co-abundance 

relationships among the 202 prevalent and dominant ASVs, which were shared in at least 

25% of the samples and accounted for ~90% of the total abundance. The 202 ASVs were 

grouped into 24 different guilds (Table 2-3).  

 

Table 2-3: 202 ASVs were grouped into 24 different guilds 

ASV ID Guild ID ASV ID Guild ID 

Odoribacter.ASV_16 Guild 1 Oscillibacter.ASV_88 Guild 8 

Ruminiclostridium.9.ASV_29 Guild 1 Lachnospiraceae.NK4A136.group.ASV_104 Guild 8 

Turicibacter.ASV_44 Guild 1 Lachnospiraceae.UCG.004.ASV_133 Guild 8 

Ruminococcaceae.UCG.010.ASV_155 Guild 1 Lachnospiraceae.ASV_163 Guild 8 

Ruminococcaceae.UCG.004.ASV_212 Guild 1 Lachnospiraceae.ASV_11 Guild 9 

Ruminiclostridium.5.ASV_215 Guild 1 Acetatifactor.ASV_38 Guild 9 

Ruminococcaceae.ASV_258 Guild 1 Lachnospiraceae.NK4A136.group.ASV_58 Guild 9 

Eubacterium.nodatum.group.ASV_289 Guild 1 Ruminiclostridium.ASV_59 Guild 9 

Alistipes.ASV_47 Guild 2 Oscillibacter.ASV_64 Guild 9 

Bacteroides.ASV_56 Guild 2 Ruminiclostridium.ASV_118 Guild 9 

Odoribacter.ASV_84 Guild 2 Ruminiclostridium.5.ASV_132 Guild 9 

Alistipes.ASV_86 Guild 2 Lachnospiraceae.ASV_191 Guild 9 

Muribaculaceae.ASV_94 Guild 2 Desulfovibrionaceae.ASV_2 Guild 10 

Muribaculaceae.ASV_105 Guild 2 Brachyspira.sp..NSH.25.ASV_100 Guild 10 

Muribaculaceae.ASV_119 Guild 2 Desulfovibrionaceae.ASV_101 Guild 10 

Muribaculaceae.ASV_161 Guild 2 Ruminococcaceae.ASV_157 Guild 10 

Lachnospiraceae.ASV_206 Guild 2 Lachnospiraceae.ASV_203 Guild 10 

Muribaculaceae.ASV_208 Guild 2 Desulfovibrio.ASV_286 Guild 10 

Ruminococcaceae.ASV_292 Guild 2 Lachnospiraceae.ASV_331 Guild 10 

Lachnospiraceae.bacterium.609.ASV_13 Guild 3 Muribaculaceae.ASV_12 Guild 11 

Lachnoclostridium.ASV_23 Guild 3 Faecalibaculum.ASV_48 Guild 11 

Odoribacter.ASV_36 Guild 3 Muribaculaceae.ASV_95 Guild 11 

Rikenellaceae.RC9.gut.group.ASV_37 Guild 3 Rikenellaceae.RC9.gut.group.ASV_103 Guild 11 

Lachnospiraceae.ASV_55 Guild 3 Parabacteroides.ASV_123 Guild 11 

Rikenellaceae.RC9.gut.group.ASV_62 Guild 3 Roseburia.ASV_199 Guild 11 

Lachnospiraceae.ASV_130 Guild 3 Clostridium.sp..Culture.Jar.19.ASV_274 Guild 11 

Anaerovorax.ASV_174 Guild 3 Ileibacterium.ASV_3 Guild 12 

Blautia.ASV_188 Guild 3 Lactobacillus.ASV_4 Guild 12 

Mollicutes.RF39.ASV_340 Guild 3 Bifidobacterium.ASV_5 Guild 12 

Oscillibacter.ASV_352 Guild 3 Lactobacillus.ASV_45 Guild 12 

Ruminococcaceae.ASV_374 Guild 3 Lactococcus.ASV_46 Guild 12 

Romboutsia.ASV_114 Guild 4 Dubosiella.newyorkensis.ASV_66 Guild 12 

Mollicutes.RF39.ASV_116 Guild 4 Ruminococcaceae.ASV_76 Guild 12 

Eubacterium.coprostanoligenes.group.ASV_171 Guild 4 Ruminococcaceae.UCG.003.ASV_168 Guild 12 

Acetatifactor.ASV_173 Guild 4 Clostridium.scindens.ASV_177 Guild 12 

Lachnospiraceae.ASV_238 Guild 4 Lachnospiraceae.ASV_195 Guild 12 

Lachnospiraceae.ASV_246 Guild 4 Enterorhabdus.ASV_364 Guild 12 

Lachnospiraceae.ASV_300 Guild 4 Streptococcus.ASV_432 Guild 12 

Lachnospiraceae.ASV_303 Guild 4 Bacteroides.ASV_41 Guild 13 
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Ruminiclostridium.ASV_57 Guild 5 Bacteroides.ASV_61 Guild 13 

Oscillibacter.ASV_99 Guild 5 Lachnoclostridium.ASV_107 Guild 13 

Lachnospiraceae.ASV_108 Guild 5 Peptococcaceae.ASV_137 Guild 13 

Intestinimonas.ASV_134 Guild 6 Erysipelatoclostridium.ASV_141 Guild 13 

Clostridium.sp..Culture.54.ASV_181 Guild 6 Lachnospiraceae.ASV_164 Guild 13 

Lachnospiraceae.UCG.006.ASV_183 Guild 6 Bilophila.ASV_175 Guild 13 

Ruminococcaceae.ASV_235 Guild 6 Peptococcus.ASV_185 Guild 13 

Lachnospiraceae.ASV_290 Guild 6 Coriobacteriaceae.UCG.002.ASV_293 Guild 13 

Ruminiclostridium.9.ASV_7 Guild 7 Rikenellaceae.RC9.gut.group.ASV_51 Guild 14 

Lachnospiraceae.NK4A136.group.ASV_8 Guild 7 Bacteroides.ASV_79 Guild 14 

Ruminiclostridium.ASV_21 Guild 7 Muribaculaceae.ASV_83 Guild 14 

Lachnospiraceae.ASV_54 Guild 7 Gastranaerophilales.ASV_126 Guild 14 

Lachnospiraceae.ASV_65 Guild 7 Gastranaerophilales.ASV_152 Guild 14 

Roseburia.ASV_110 Guild 7 Muribaculaceae.ASV_156 Guild 14 

Blattella.germanica..German.cockroach..ASV_150 Guild 7 Akkermansia.ASV_10 Guild 15 

Clostridium.sp..Culture.1.ASV_31 Guild 8 Parabacteroides.distasonis.ASV_18 Guild 15 

Lachnospiraceae.ASV_33 Guild 8 Muribaculaceae.ASV_20 Guild 15 

Lachnospiraceae.ASV_69 Guild 8 Muribaculaceae.ASV_75 Guild 15 

Tyzzerella.ASV_71 Guild 8 Muribaculaceae.ASV_93 Guild 15 

Muribaculaceae.ASV_129 Guild 15 Muribaculaceae.ASV_159 Guild 19 

Muribaculaceae.ASV_136 Guild 15 Muribaculaceae.ASV_265 Guild 19 

Lachnoclostridium.ASV_146 Guild 15 Helicobacter.ASV_15 Guild 20 

Bacteroides.ASV_149 Guild 15 Mucispirillum.ASV_24 Guild 20 

Alistipes.ASV_176 Guild 15 Muribaculaceae.ASV_28 Guild 20 

Ureaplasma.ASV_317 Guild 15 Muribaculaceae.ASV_63 Guild 20 

Muribaculaceae.ASV_39 Guild 16 Lachnospiraceae.ASV_70 Guild 20 

Helicobacter.ASV_42 Guild 16 Tyzzerella.3.ASV_77 Guild 20 

Mucispirillum.ASV_82 Guild 16 Muribaculaceae.ASV_201 Guild 20 

Muribaculaceae.ASV_109 Guild 16 Lachnospiraceae.NK4A136.group.ASV_282 Guild 20 

Lachnoclostridium.ASV_6 Guild 17 Ruminococcaceae.ASV_315 Guild 20 

Muribaculaceae.ASV_9 Guild 17 Helicobacter.ASV_35 Guild 21 

Muribaculaceae.ASV_14 Guild 17 Lachnospiraceae.NK4A136.group.ASV_72 Guild 21 

Bacteroides.ASV_19 Guild 17 Ruminiclostridium.9.ASV_87 Guild 21 

Muribaculaceae.ASV_26 Guild 17 Lachnospiraceae.ASV_131 Guild 21 

Lactobacillus.ASV_49 Guild 17 Desulfovibrio.ASV_142 Guild 21 

Parasutterella.ASV_73 Guild 17 Eubacterium.xylanophilum.group.ASV_151 Guild 21 

Muribaculaceae.ASV_80 Guild 17 Lachnospiraceae.ASV_166 Guild 21 

Parabacteroides.ASV_81 Guild 17 Lachnospiraceae.ASV_189 Guild 21 

Muribaculaceae.ASV_90 Guild 17 Alistipes.ASV_106 Guild 22 

Rhodospirillales.ASV_153 Guild 17 Peptococcaceae.ASV_167 Guild 22 

Burkholderiales.bacterium.YL45.ASV_165 Guild 17 Lachnospiraceae.ASV_172 Guild 22 

Clostridium.sp..K4410.MGS.306.ASV_209 Guild 17 Oscillibacter.ASV_180 Guild 22 

Muribaculaceae.ASV_222 Guild 17 Lachnospiraceae.ASV_192 Guild 22 

Alistipes.ASV_316 Guild 17 Prevotellaceae.UCG.001.ASV_22 Guild 23 

Lactobacillus.ASV_50 Guild 18 Muribaculaceae.ASV_85 Guild 23 

Muribaculaceae.ASV_74 Guild 18 Gastranaerophilales.ASV_139 Guild 23 

Muribaculaceae.ASV_135 Guild 18 Muribaculaceae.ASV_211 Guild 23 

Muribaculaceae.ASV_147 Guild 18 Rhodospirillales.ASV_255 Guild 23 

Muribaculaceae.ASV_160 Guild 18 Ruminococcus.1.ASV_321 Guild 23 

Alistipes.ASV_299 Guild 18 Muribaculaceae.ASV_325 Guild 23 

Muribaculaceae.ASV_1 Guild 19 Gastranaerophilales.ASV_379 Guild 23 

Muribaculaceae.ASV_17 Guild 19 Muribaculaceae.ASV_115 Guild 24 

Muribaculaceae.ASV_25 Guild 19 Ruminiclostridium.9.ASV_121 Guild 24 

Muribaculaceae.ASV_30 Guild 19 Ruminiclostridium.9.ASV_138 Guild 24 

Muribaculum.ASV_32 Guild 19 Lachnospiraceae.ASV_154 Guild 24 

Muribaculaceae.ASV_34 Guild 19 Lachnospiraceae.ASV_179 Guild 24 

Muribaculaceae.ASV_40 Guild 19 Alistipes.ASV_198 Guild 24 

Muribaculaceae.ASV_43 Guild 19 Ruminiclostridium.5.ASV_252 Guild 24 

Muribaculaceae.ASV_52 Guild 19 Butyricicoccus.ASV_270 Guild 24 

Muribaculaceae.ASV_98 Guild 19 Lachnospiraceae.ASV_338 Guild 24 
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As shown in Figure 2-3, at week 0, the abundance of 3 guilds (Guilds #19, 23 and 24) was 

significantly higher and that of 2 guilds (Guilds #14 and 15) was significantly lower in 

IFABP-/- mice compared with WT. A comparison of LFABP-/- and WT mice revealed even 

more significantly different guilds, i.e., 11 (Guilds #1, 3, 4, 7, 8, 11, 18, 19, 20, 22 and 24) 

were higher in abundance and 3 (Guilds #14, 15 and 17) were lower in the LFABP-/- mice. 

Among the 24 differentially regulated guilds, Guilds #19 and 24 increased, and Guilds #14 

and 15 decreased in both knockout groups. These results show that, under a low fat chow 

diet, both FABP gene knockouts affected several functional guilds. IFABP-/- changed fewer 

guilds than LFABP-/-, consistent with the aforementioned results that the dissimilarity 

between IFABP-/- and WT was smaller than that between LFABP-/- and WT.  

 

Over the HFD feeding period from week 0 to week 11, 12 guilds (Guilds #1, 2, 3, 4, 5, 6, 

7, 8, 10, 11, 12 and 13) increased and 5 (Guilds #14, 17, 19, 20 and 23) decreased 

significantly in LFABP-/- mice;  9 guilds (Guilds #1, 3, 4, 5, 7, 8, 9, 10 and 12) increased 

and 5 (Guild #15, 17, 19, 20 and 23) decreased significantly in IFABP-/- mice; 11 guilds 

(Guilds #1, 3, 4, 6, 7, 8, 9, 10, 11, 12 and 21) increased and 5 (Guild #14, 15, 17, 19 and 

23) decreased significantly in WT mice (Fig. 2-3). Among these 20 HF-responding guilds, 

10 (Guilds #1, 3, 4, 7, 8, 10 and 12 which increased; Guilds #17, 19, and 23 which 

decreased) displayed changes in the same direction in all the groups, while the other 10 

changed in two or only one of the groups. These results indicate that while some of the 

HFD-induced changes were independent of genotype, the gut microbiota of WT, IFABP-/- 

and LFABP-/- mice also displayed differential responses to the HFD.  

 

At week 11 of the HFD, only Guild #18 showed a significant difference between IFABP-/- 

and WT, being higher in IFABP-/-. Compared with WT, the LFABP-/- had 5 guilds (Guilds 

#1, 2, 4, 18 and 20) that were significantly higher and 2 guilds (Guilds #7 and 14) that 
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were lower. Under both normal chow and HFD, no guilds showed consistent differences 

between WT and IFABP-/-, however, Guilds #1, 4, 18 and 20 were consistently higher in 

LFABP-/- compared with WT mice. These results indicate that, at the guild level, the 

differences between the 2 knockout groups and WT remain but become smaller after HF 

feeding as the number of different guilds decreased. Notably, however, the differences in 

4 guilds between LFABP-/- and WT mice are present regardless of the diet.  
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Figure 2-3: Differences and changes in the guilds of the 3 different genotypes. The 

heatmap shows the log10 transformed relative abundance of each guild. At each time 

point, guilds were compared among the groups using the Kruskal-Wallis test and post hoc 

Dunn’s test. Values not sharing common letters are significantly different from one another 

(P < 0.05). Wilcoxon matched-pairs signed-ranks test (two-tailed) was used to test the 

same guild between week 0 and week 11 within each genotype, P < 0.05 was considered 

as significant.  
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Associations between gut microbiota and body weight 

To explore the associations between gut microbiota and body weight, we applied a 

Random Forest regression model to correlate the 24 guilds and body weight. Using the 

data at week 0, based on the leave-one-out cross-validation and feature selection process, 

the best regression model with minimum mean square error for body weight contained 8 

guilds (Fig. 2-4A and B), all of which showed differences between the 3 genotype groups. 

Each of the 8 guilds showed significant correlation with body weight. Particularly, among 

them, 3 guilds showed very large differences between the 3 genotype groups (Fig. 2-4C). 

Guild #17 accounted for 48.0% of the total abundance in WT, 22.1% in IFABP-/- and 5.3% 

in LFABP-/- mice. Similarly, Guild #15 was the most abundant in WT (27.2%) followed by 

IFABP-/- (6.8%) and LFABP-/- (1.6%). In contrast, the abundance of Guild #20 was the 

lowest in WT (0.4%) but higher in IFABP-/- (2.2%) and markedly higher in LFABP-/- (18.5%). 

The predicted body weights from cross-validation were significantly correlated with the 

measured values (r = 0.721, p = 0.001) (Fig. 2-4D). This result indicates that the genotype-

related guilds associate with the host body weight under normal chow at 8 weeks of age.  
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Figure 2-4:  The association between gut microbiota and body weight at week 0, 

prior to HF feeding (chow fed from weaning until 8 weeks of age).  Random Forest 

(RF) model regressing body weight on the guild abundance at week 0. A, shows the 

number of variables and mean squared error of the corresponding model; B, The RF 

assigns a mean error rate, or feature-importance score to each feature; this value 

indicates the extent to which each predictor contributes to the accuracy of the model; C, 

The average abundance of the guilds at week 0 prior to HF feeding initiation; D, 

Significantly positive correlation between the measured body weight and the predicted 

values from leave-one-out cross-validation based on RF model. Pearson correlation was 

applied. 
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To determine associations between guilds and body weight following the HFD period, we 

applied the Random Forest regression model to correlate the 24 guilds and body weight 

at week 11 (Fig. 2-5A and B). Ten guilds were included in the best model, having a 

minimum mean square error. Among these 10, 6 guilds had >5% differences between the 

3 genotypes (Fig. 2-5C). Guild #12 was most dominant in the IFABP-/- mice (0.2% in WT, 

43.8% in IFABP-/- and 6.23% in LFABP-/-). In contrast, the abundance of Guild #10 was 

the lowest in IFABP-/- mice (13.7% in WT, 5.69% in IFABP-/- and 12.4% in LFABP-/-). Guilds 

#1 and 3 were most abundant in LFABP-/- mice (Guild #1: 2.2% in WT, 1.0% in IFABP-/- 

and 11.6% in LFABP-/-; Guild #3: 7.5% in WT, 6.0% in IFABP-/- and 13.4% in LFABP-/-). 

Guild #9 had the lowest abundance in LFABP-/- mice (9.3% in WT, 8.3% in IFABP-/- and 

3.8% in LFABP-/-).  As shown in Figure 2-5D, the predicted body weight from cross-

validation were significantly correlated with the measured values (r = 0.734, p = 0.001). In 

addition, we found 4 common guilds (Guilds #1, 3, 4 and 22) in the two Random Forest 

regression models built on the data at week 0 and week 11. The predicted body weight 

values, which were based on the week 0 model and the week 11 guilds, were significantly 

correlated with the measured body weights at week 11 as well (r= 0.519, p = 0.0207) (Fig. 

2-5E). These results indicate that the associations between guilds and body weight 

identified under normal chow are retained, in part, after HFD feeding. The contribution of 

some guilds to the body weight, by contrast, were manifested only after HFD feeding. 
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Figure 2-5:  The association between gut microbiota and body weight following 11 

weeks of the HF diet.  Random Forest (RF) model regressing body weight on the guild 

abundance at week 11. A, shows the number of variables and mean squared error of the 

corresponding model; B, The RF assigns a mean error rate, or feature-importance score 

to each feature; this value indicates the extent to which each predictor contributes to the 

accuracy of the model; C, The average abundance of the guilds after 11 weeks of HF 
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feeding; D, Scatter plot of the measured body weight and the predicted values from leave-

one-out cross-validation; E, Significantly positive correlation between the measured body 

weight and the predicted values from guild abundance at week 11 based on the week 0 

model. Pearson correlation was applied. 
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IFABP and LFABP ablation and HF feeding alter fecal SCFA levels. 

At week 0, prior to starting the HFD, the levels of all measured SCFAs, including acetate, 

propionate, isobutyrate, butyrate, isovalerate and valerate showed significant differences 

between the 3 genotypes (Fig. 2-6). Acetate, propionate, butyrate and valerate were 

significantly higher in both IFABP-/- and LFABP-/- mice compared to their control 

counterparts (Fig. 2-6A, B, D and F). Isobutyrate and isovalerate were significantly higher 

than the WT group only in the LFABP-/- mice (Fig. 2-6C and E). 

 

After 11 weeks of HF feeding, the concentrations of SCFAs remained different between 

the 3 genotypes. In all 3 genotypes, acetate, propionate and butyrate levels were 

significantly decreased when compared to week 0 (Fig. 2-6A, B and D), while valerate was 

significantly increased after HF feeding (Fig. 2-6F). In keeping with what was observed at 

week 0, all of the SCFAs levels were significantly greater in both IFABP-/- and LFABP-/- 

mice when compared to the WT mice at week 11 of the HFD period. Both butyrate and 

valerate were higher in IFABP-/- mice when compared to LFABP-/- (Fig. 2-6D and F), while 

isovalerate was higher in LFABP-/- compared to IFABP-/- mice (Fig. 2-6E). These results 

indicate that differences in the levels of SCFAs are primarily due the genetic ablation of 

IFABP and LFABP, and persisted after chronic HF feeding. 
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Figure 2-6:  Analysis of SCFAs in WT, IFABP-/- and LFABP-/- mice at week 0 (chow 

diet from weaning until 8 weeks of age) and after 11 weeks of the HF diet. A, Acetate; 

B, Propionate; C, Isobutyrate; D, Butyrate; E, Isovalerate; F, Valerate. Feces were pooled 

from 6 mice in each genotype. Two-way ANOVA with Tukey's post-hoc was applied. * P 

< 0.05, **P <0.01, *** P < 0.001. 
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Discussion: 

In the present study, we found divergent effects of IFABP vs. LFABP gene knockout on 

intestinal transit times and fecal output.  The LFABP-/- mice had significantly slower transit, 

i.e. longer transit times, and lower fecal output per gram consumed.  In agreement with 

our prior findings [222], the opposite was found in the IFABP-/- mice.  Thus, the opposing 

body weight phenotypes of the IFABP and LFABP null mice are likely due, in part, to 

increased energy harvest in LFABP-/- and decreased energy harvest in IFABP-/- mice.   

 

In recent years, it has been shown that FABPs, including both LFABP and IFABP, bind 

not only LCFAs, but also have high affinity binding for the ECs 2-AG and AEA 

[170,171,203,257]. ECs are involved in the regulation of food intake and intestinal motility 

through activation of the cannabinoid 1 receptor (CB1R) on vagal afferent neurons [258-

260]. It has been shown that activation of the CB1R by receptor agonists like 2-AG inhibits 

peristalsis and can increase appetite [38-40]. Indeed, we previously showed that mucosal 

levels of 2-AG were lower in IFABP-/- mice whereas they were significantly higher in 

LFABP-/- mice, when compared to their WT counterparts [162]. Thus, the highly divergent 

phenotypes that have been observed in body weight, in the amount of fecal output, and in 

the intestinal motility of both IFABP-/- and LFABP-/- mice could, in part, be secondary to 

altered CB1R activation secondary to different mucosal ECs levels. 

 

Compared with WT mice, both IFABP-/- and LFABP-/- had altered overall gut microbiota 

structure under a normal chow diet. Although shifting from normal chow to HFD changed 

the gut microbiota structure dramatically in all the three genotypes, the responses of the 

gut microbiota in each genotype were different. Such differences together with their 

different gut microbiota after HF feeding may be associated with the aforementioned 

variations in intestinal motility. Transit time is related to bacterial composition and 
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metabolism in the gut [254,261]. Interestingly, the LFABP-/- mice had the longest transit 

time and highest number of bacterial ASVs among the three genotypes, which is 

consistent with the finding that a long transit time associates with high microbial richness 

[254,261].  

 

To assess the functional significance of the alterations in gut microbiota we applied guild 

analysis, which overcomes the pitfalls of commonly used taxonomy analysis and is a more 

ecologically sound approach for finding host phenotype-associated gut microbial 

members [252]. Under normal chow, among the 8 guilds that were associated with body 

weight, Guild #15, 17 and 20 showed remarkable and significant differences between the 

three genotypes. Guild #15 was negatively correlated with body weight and had one ASV 

from Akkermansia; the species Akkermansia muciniphila in this genus has been 

characterized as beneficial in whole-body energy metabolism [262]. Guild #17, which was 

negatively correlated with body weight, had ASVs from genera including Lactobacillus and 

Lachnoclostridium. Many members of Lactobacillus are considered as probiotics and are 

associated with host health [263], and members in Lachnoclostridium has been reported 

to be associated with an anti-obesity function [264]. Guild #20, which was positively 

correlated with body weight, contained one ASV from Tyzzerella, which have been 

reported as pro-inflammatory bacteria and to be related to obesity [265,266]. Compared 

with WT and IFABP-/-, LFABP-/- mice not only had the lowest abundance of the potentially 

beneficial Guilds #15 and 17 but also highest abundance of the potentially obesogenic 

Guild #20.  

 

After HF feeding, among the 10 guilds that were associated with body weight, Guild #12 

was most dominant in the IFABP-/- mice and negatively correlated with body weight. This 

guild had 2 ASVs from Lactobacillus, 1 from Bifidobacterium, 1 from Ileibacterium, 1 from 
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Lactococcus, 1 from Dubosiella newyorkensis, 2 from Lachnospiraceae, 2 from 

Ruminococcaceae, 1 from Enterorhabdus and 1 from Streptococcus. Several members in 

Lactobacillus, Bifidobacterium and Lactococcus, have been reported to attenuate HFD 

induced obesity [267-269]. Guild #10, which had 3 ASVs from Desulfovibrionaceae, had 

the lowest abundance in the IFABP-/- mice and positively correlated with body weight. 

Members of Desulfovibrionaceae, which produce endotoxin and hydrogen sulfide, are 

considered pro-inflammatory and have been reported to be positively associated with 

obesity and inflammation [270,271]. Guilds #1 and 3, which had ASVs from Odoribacter, 

had the highest abundance in LFABP-/- mice and were positively correlated with body 

weight. Odoribacter has been reported to be positively correlated with body weight [272]. 

Indeed, under both diets, the LFABP-/- mice had the highest body weight among the three 

genotypes. Overall, the LFABP-/- mice had more potentially obesity-promoting guilds 

including bacteria such as those from Tyzzerella, Desulfovibrionaceae and Odoribacter, 

and fewer anti-obesity guilds including bacteria such as those from Akkermansia, 

Lactobacillus, Lachnoclostridium and Bifidobacterium [262-264,267-269]. The IFABP-/- 

mice, by contrast, had more anti-obesity and less obesity-promote guilds after HFD 

feeding, which appears associated with its lean phenotype relative to WT and LFABP-/- 

mice.    

 

In addition to body weight, which was focused on here, our previous studies showed that 

LFABP-/- mice can be considered an example of “MHO” with higher levels of spontaneous 

activity  [162] and a protection against the HFD-induced decline in endurance exercise 

capacity [219]. Recent human studies have highlighted that exercise can stimulate 

changes in gut microbiota associated with higher SCFA production [273,274]. Thus, in 

addition to the different transit time noted above, higher levels of endurance activity may 

be considered as another factor which potentially contributes to the significant differences 



68 
 

 

in gut microbiota between WT and LFABP-/- mice. Previously, we found that LFABP-/- mice 

had higher muscle glycogen levels and an increased FA oxidation rate when compared 

with WT mice [219]. Here, we found that SCFAs were significantly higher in LFABP-/- mice 

compared with WT mice. These findings are consistent with the recently proposed “gut-

muscle axis” [225,275], in which SCFAs are considered as potential regulators, via 

increasing skeletal muscle glycogen and promoting FA uptake and oxidation [276]. Other 

studies have also shown that high levels of plasma and fecal acetate and propionate are 

associated with endurance exercise improvement [64,277].  Thus, gut microbiota may play 

an essential role in the “MHO” features of LFABP-/- mice. 

 

In previous studies  we showed that IFABP-/- mice remained lean (Fig 1A), a result that 

was also found in the present studies, and we also showed that the IFABP-/- mice had 

lower plasma glucose levels than their WT counterparts, and a normoinsulinimic 

phenotype after chronic HF feeding [162]. Here, we showed that IFABP-/- maintain a high 

level of fecal SCFAs. Many studies have indicated beneficial effects of SCFAs, specifically 

acetate, propionate and butyrate, on energy homeostasis and metabolism, and their 

crucial role in preventing HFD-induced obesity and improving insulin sensitivity [278-280]. 

Fecal SCFA levels can be modulated by several mechanisms including colonic absorption, 

colonic transit time, dietary intake and microbiota [281]. Though less SCFA-producing 

bacteria were identified in the LFABP-/- mice than in the IFABP-/- mice, their higher level of 

fecal SCFA may be related to their longer transit time, which increases the fermentation 

time [282]. The higher level of fecal SCFAs in the IFABP-/- mice may be related to increased 

SCFA production or reduced absorption. More SCFA-producing bacteria were identified 

in IFABP-/- mice, which suggests the possibility of increased SCFA production. However, 

as IFABP-/- mice have reduced transit time, this may result in reduced absorption of 
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SCFAs. In order to dissect the contributions of the observed SCFA changes to the IFABP-

/- and LFABP-/- mice phenotypes, the measurement of SCFA absorption will be of interest. 

 

In summary, our result show that gut microbiota is associated with the whole-body 

phenotypes of IFABP-/- and LFABP-/- mice. To determine whether the structure of the 

microbiota is an essential mediator of the effects of these gene knockouts on host 

phenotypes, future studies will assess the impact of transplanting the gut microbiota from 

the IFABP-/- and LFABP-/ mice to germ-free or antibiotic-treated WT mice.  
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Abstract  

Liver fatty acid-binding protein (LFABP or FABP1) is a highly abundant intracellular lipid 

binding protein that is expressed in the liver, and the small intestine of mice, where it is 

thought to regulate fatty acids (FA) trafficking. Feeding whole-body LFABP knockout 

(LFABP-/-) mice a high saturated fat diet resulted in increased body weight and fat mass 

(FM) relative to the wild-type (WT) controls, but also a metabolically healthy obese (MHO) 

phenotype; LFABP-/- mice displayed better exercise capacity and were protected against 

hepatic steatosis, when compared to the wild-type (WT) mice. However, it is uncertain 

whether these effects are due to the ablation of LFABP in the liver, in the intestine, or 

whether the simultaneous ablation in both tissues is necessary. Liver-specific LFABP null 

(LFBAPliv-/-) mice were generated to assess the contribution of liver-LFABP to the MHO 

phenotype. The results show that female LFABPliv-/- mice were heavier and had increased 

FM, when compared to the control WT-LFABP floxed (LFABPfl/fl) mice. The female 

LFABPliv-/- mice were also found to have better exercise capacity than their WT controls. 

In addition, ablation of liver-LFABP resulted in a reduction of hepatic FA uptake and a 

trend towards higher FA uptake by adipose tissues, suggesting a protection against 

Western-diet induced hepatic steatosis by shifting FAs to adipose storage. In the male 

LFABPliv-/- mice, some but not all aspects of the MHO phenotype were observed. Both 

female and male LFABPliv-/- mice displayed alterations in the expression of several hepatic 

lipid metabolism genes, when compared to their WT counterparts. Thus, in females, 

ablation of LFABP in the liver is sufficient to induce the MHO phenotype observed in the 

whole body knockout mouse. Males, however, may require the ablation of either intestine-

LFABP or both liver- and intestine-LFABP. Overall, these findings show that deletion of 

LFABP in the liver alone is responsible for substantial protection against the high fat diet 

(HFD) induced a decline in exercise endurance and hepatic steatosis, despite the 

presence of marked obesity, particularly in female mice. 
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Introduction 

Western-style diets, which are rich in saturated fats and associated with a sedentary life 

style, are the major causes of obesity, a chronic metabolic disorder that is considered a 

risk factor for many other metabolic comorbidities, like type II diabetes, cardiovascular 

diseases, cancer, autoimmune diseases, Alzheimer's disease, liver disease and many 

other diseases [283-285]. The prevalence of obesity around the world is increasing; it is 

estimated that by 2030, 38% of the global adult population will be overweight and 20% will 

be obese, while in the USA, it is expected that over 85% of adults will be overweight or 

obese [286]. Obesity is characterized by disturbances in food intake, fat storage, and 

energy utilization [284]. Given the contribution of calorie-dense lipids to the obesity 

epidemic in developed countries, it is necessary to understand how dietary lipids are 

digested, absorbed, metabolized, and processed by various body tissues.  

 

The liver plays a major role in lipid metabolism, importing FA as well as synthesizing, 

storing, and exporting lipids [287,288]. There are several sources that constitute the hepatic 

pool of FA: De novo lipogenesis, chylomicron remnants directly taken up by the liver, TG 

stores, and plasma non‐esterified FAs (NEFAs) released by adipose tissue. FA, whether 

they are from exogenous or endogenous sources, are either oxidized, stored as TG in lipid 

droplets, or recycled together with other hepatic lipids via assembly into new VLDL 

particles for export [98,100]. Plasma levels of NEFA are elevated during obesity and are 

positively correlated with body mass index, body fat percent, insulin resistance, and 

hepatic steatosis that is caused by the accumulation of TG-rich lipid droplets [289,290]. 

The hepatic content of TG is controlled by several intracellular molecules, which influence 

FA input and output through the regulation of hepatic FA uptake, synthesis, esterification, 

and oxidation,  as well as hepatic TG export [291]. LFABP is a cytosolic, multi-ligand, lipid-

binding protein that has a high affinity for long-chain FAs (LCFAs), monoglycerides (MGs), 
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prostaglandins, lysophospholipids, endocannabinoids (ECs), cholesterol, and other lipids 

[163,168,169,171-174]. It is highly expressed in hepatocytes, hepatic stellate cells (HSCs) 

[122,165,166], enterocytes [122] and in enteroendocrine cells (EECs) [36,292]. Many in vitro 

and in vivo studies have illustrated the functional significance of LFABP in the liver. 

Hepatic-LFABP can facilitate the uptake and delivery of diet-derived FA to the ER for the 

synthesis of TG, PLs, and CE [180,181,293]. LFABP can also direct FA towards 

mitochondrial or peroxisomal oxidation [178,213]. Moreover, LFABP bound FA can be 

directed to the nucleus where it facilitates FA binding to nuclear receptors, resulting in 

modulating the transcription of many genes involved in hepatic lipid metabolism, including 

LFABP itself [183-185]. 

 

A global body ablation of LFABP (LFABP-/-) was generated by two laboratories on the 

C57BL/6 background [179,189]. The two lines showed a divergent body weight and lipid 

distribution; in response to HF feeding, LFABP-/- mice from Davidson group gained less 

weight [189] while mice from Schroeder and Binas group became obese [162,179]. Despite 

the difference in obesity, other observations were similar between these two lines, 

including reduced hepatic FA oxidation and uptake, and reduced hepatic steatosis 

[179,188,189,212].  

 

The mice that are used in our lab were derived from Schroeder lab mice. Feeding our 

LFABP-/- mice a HFD resulted in increased body weight and FM, which were partly due to 

increased food intake relative to WT mice [162]. Despite their obese phenotype, however, 

LFABP-/- mice appear to be metabolically healthy, having fasting glucose, insulin, and 

lipids levels comparable to the WT mice, being protected against hepatic steatosis, and 

displaying a comparable intestinal TG secretion rates to their lean counterparts [162,213]. 

Furthermore, the LFABP-/- mice had higher spontaneous activity [162], and they were 
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protected against a HFD-induced decline in the exercise endurance [219]. Global LFABP-

/- mice showed reduced FA β-oxidation in intestinal mucosa, which is thought to be due to 

impaired lipid transport rather than alteration in FA oxidative machinery [163]. Additionally, 

there was a shift in MG metabolism towards reduced TG synthesis in the enterocytes of 

LFABP-/- mice [162,163].  

 

MHO or overweight is a newer term that has been proposed to describe a subgroup of 

people who are overweight or obese, but resistant to typically associated metabolic 

abnormalities [294,295]. Thus, whole-body LFABP-/- mice appear to be a model of the MHO 

phenotype. As mentioned previously, LFABP is expressed in both the liver and the 

intestine; it is unknown whether the observed MHO phenotype in the LFABP-/- mice is due 

to the ablation of LFABP in the intestine, in the liver, or if the simultaneous ablation in both 

the intestine and the liver is required. In order to unravel the underlying causes of the 

LFABP-/- phenotypes, LFABP conditional knockout (cKO) mice were generated in this 

study to assess the role of LFABP specifically within the liver, and to determine the 

contribution of liver-LFABP to the alterations in whole-body energy homeostasis and the 

MHO phenotype that were observed in the whole-body LFABP null mice.  

 

Experimental Procedures  

Generation of LFABP Floxed Mice 

LFABP floxed mice were generated at the Rutgers Genome Editing Core Facility using 

clustered regulatory interspaced short palindromic repeats/CRISPR-associated Cas 

(CRISPR/Cas9) protein technology to introduce two loxP sites flanking exons 2 and 3 of 

the gene encoding LFABP. The type II bacterial CRISPR/Cas system can be used as an 

efficient gene-targeting technology [296,297]. First, two separate single guide RNAs 

(sgRNAs) were developed, with each formed to contain a targeting sequence (crRNA), 
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and a Cas9 nuclease-recruiting sequence (tracrRNA) [298]. The crRNA is a 20-nucleotide 

sequence that is homologous to sequences either upstream or downstream of exons 2 

and 3 respectively of the lfabp gene. This sequence is adjacent to a sequence called a 

protospacer adjacent motif (PAM), which is required for Cas9 recognition, directing Cas9 

nuclease activity specifically to the lfabp alleles. The Cas9 nuclease induces double-

strand breaks (DSBs) at the sites of recognition (Fig 3-1A). To allow for a precise editing 

to occur, single stranded (ss) DNA donors were used to introduce two loxP sites within the 

host DNA via the homology directed repairmechanism. The ssDNA sequence is the same 

as for the WT lfabp gene, and contains the crRNA targeting sequence. Once the loxP site 

is successfully added, the crRNA sequence will be separated from the PAM sequence, 

and this will prevent further DSBs from occurring again. The ssDNA donor that is added 

upstream to exon 2 of lfabp contains also a PsiI restriction site, while the ssDNA donor 

that is added downstream to exon 3 contains an EcoRI restriction site (Fig 3-1B). 

 

The ssDNA donors containing loxP, Cas9 protein, and the gRNA targeting downstream of 

the lfabp gene were microinjected into the oocytes of C57BL6/N mouse. After fertilization 

with sperm from C57BL6/J mice, the resultant mice contained only downstream loxP site. 

Then the oocytes from the resultant mice were microinjected again, but this time the gRNA 

targeted the upstream site of the lfabp gene. In this case, both exons 2 and 3 of the lfabp 

gene would be flanked by loxP sites. The resultant floxed mice (LFABPfl/fl) mice on the 

mixed C57BL6/J and C57BL6/N background were backcrossed with WT C57BL6/J mice 

4 additional times, yielding congenic LFABPfl/fl mice on the C57BL6/J background. 
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Figure 3-1: The generation of Flox mice using the CRISPR/Cas9 system. A, CRISPR 

guide sequences (gRNA( detect a specific DNA sequence in the gene of interest. The 

CRISPR associated Cas9 protein is able to recognize and induce a DSB in the DNA 

strands that are complementary to the CRISPR sequence. A ssDNA donor can be 

incorporated into the targeted sequence via homology driven DNA repair mechanisms, 

allowing for knock-in to occur. B, Sequences for the upstream and downstream ssDNA 

donors. The upstream ssDNA donor contains a PsiI restriction site, loxP sequences, and 

distinct crRNA targeting sequences, while the downstream ssDNA donor contains an 

EcoRI restriction site, loxP sequences, and distinct crRNA targeting sequences. PsiI and 
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EcoRI restriction sites are important for assessing the presence of both the upstream and 

downstream loxP sites. The illustration in (A) is adapted with edit from Zhan et al., 2019 

[299] 

 

Generation of Liver-Specific LFABP Null Mice 

The resultant LFABPfl/fl mice were bred with mice that were homozygous for Cre 

recombinase, driven by the albumin promoter (A-cre), to generate double-mutants. These 

mice were then intercrossed to generate liver-specific LFABP KO (LFABPliv-/-) and control 

WT (LFABPfl/fl) mice (Fig 3-2). Mice were maintained on a 12-hour light/dark cycle, and a 

controlled temperature. They were allowed ad libitum access to standard rodent chow 

(Purina Laboratory Rodent Diet 5015) until the start of the study at two months of age.  

 

Figure 3-2: Breeding scheme for the generation of tissue-specific KO mice using 

Cre/lox approach. 

Mating a homozygous floxed mouse of interest, in this case LFABPfl/fl, to a cre transgenic 

mouse strain with an A-cre promoter will result in approximately 50% of the offspring 

heterozygous for the loxP allele and heterozygous for the cre transgene in the first 

generation. Backcrossing these mice with LFABPfl/fl mice will result in about 25% of the 
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offspring being the tissue-specific KO mice, which are homozygous for the loxP allele and 

hemizygous for the cre transgene. Also, about 25% of the offspring will be LFABPfl/fl mice 

which are used as the WT control mice. The illustration is adapted with permission from 

ref. [300]. Copyright 2013, Elsevier Inc. 

 

DNA Extraction for Genotyping 

DNA extraction was performed as described previously [163]. In brief, a 0.5 cm tail biopsy 

is incubated overnight at 37°C in lysis buffer (0.3M sodium acetate, 10mM Tris-HCL 

pH7.9, 1mM EDTA, 1% SDS, 0.2mg/mL proteinase K). The following morning, the lysate 

is cooled on ice, and the precipitate is pelleted. The supernatant is placed into a new 1.5 

ml eppendrof tube, and ethanol precipitation is used for DNA isolation.  

 

For the genotyping of the LFABPfl/fl mice, four primers were developed and used to assess 

the upstream and downstream loxP sites in two separate PCR reactions (Table 3-1, 3-2). 

The primer sequences for the LFABPfl/fl protocols are as follows: 

1-Primers used for the upstream loxP:  

FABP1A: AGACAAGTCAAAGATCATGAATGTGAG 

FABP1B: TGGCTCTTAGAGTGGGAACACTTC 

2-Primers used for the downstream loxP: 

FABP1C: CGGAGTTGATAGATATCAGATC 

FABP1D: GAAACAGGGCAAGGCCAGCTATG 

 

After the reactions were done the PCR products for the upstream loxP reaction were 

digested with PsiI, while the PCR products for the downstream loxP site were digested 

with EcoRI. Then, electrophoresis was performed on a 2% agarose gel. WT mice that do 

not have the inserted loxP sites will only have one band for both the upstream (320BP) 
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and downstream (506BP) reactions. However, LFABPfl/fl mice will have two smaller bands 

for both the upstream (231BP and 119BP) and downstream (325BP and 215BP) 

reactions.  

 

Table 3-1: PCR thermocycle for the upstream loxP site 

Step # Temp °C Time min Note 

1 94 2:00  

2 94 0:15  

3 68 1:30  

4   repeat steps 2-3 for 34 cycles 

5 72 7:00  

6 4  Hold 

Put 12 ul of the reaction mixture in each tube and run the PCR machine. 

 

Table 3-2: PCR thermocycle for the downstream loxP site 

Step # Temp °C Time min Note 

1 94 2:00  

2 94 0:15  

3 64 0:30  

4 72 1:30  

5   repeat steps 2-4 for 34 cycles 

6 72 7:00  

7 4  Hold 

Put 23 ul of the reaction mixture in each tube and run the PCR machine. 

 

The genotyping protocol for the A-cre mice uses 3 primers for one PCR reaction (Table 3-

3). One primer, A-cre common, is shared with both WT and Mutant primers. The A-cre WT 

primer is used to detect a band that can be found in WT mice (~351 BP), while the A-cre 

mutant primer is used to detect a band that should only be observed in A-cre mice (~390 

BP). The A-cre mice could be hemizygotes or homozygotes. The primer sequences used 

for the A-cre genotyping protocol are as follows: 

A-cre reaction (WT and Mutant bands): 

A-cre Common: 5’-TTG GCC CCT TAC CAT AAC TG-3’  
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A-cre WT: 5’-TGC AAA CAT CAC ATG CAC AC-3’  

A-cre Mutant: 5’-GAA GCA GAA GCT TAG GAA GAT GG-3’ 

 

Table 3-3: PCR thermocycle for A-cre genotyping 

Step # Temp °C Time min Note 

1 94 2:00  

2 94 0:20  

3 61 0:15 -0.5 C per cycle decrease 

4 68 1:00  

5   repeat steps 2-4 for 10 cycles (Touchdown) 

6 94 0:15  

7 60 0:15  

8 72 1:00  

9   repeat steps 6-8 for 28 cycles 

10 72 2:00  

11 10  Hold 

Put 20 ul of the reaction mixture in each tube and run the PCR machine. 

 

 

Diet 

Two months old male and female LFABPliv-/- mice and LFABPfl/fl control mice were fed a 

45% Kcal fat semipurified HFD (D10080402, Research Diets, New Brunswick, NJ) (Table 

3-4 and 3-5) for 12 weeks.   

 

Table 3-4: Diet composition of high saturated fat diet [162] 

 HFS 

 grams kcal 

Casein 200 800 

L-Cystine 3 12 

Corn starch 1.2/128 72.8 291 

Maltodextrin 100 400 

Sucrose 172.8 691 

Cellulose 50 0 

Soybean Oil 10 90 

Cocoa Butter 192.5 1733 

Mineral mix 45 0 

Vitamin mix 10 40 

Choline Bitartrate 2 0 
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Total 858.1 4057 

 

Table 3-5: FA composition of high saturated fat diet [162] 

 HFS 
grams/4057 kcal 

C16 49.9 

C16:1 0.4 

C18 64.3 

C18:1 65.2 

C18:2 10.7 

C18:3 1.0 

%  

Saturated fatty acids 60.0 

Monounsaturated fatty acids 33.9 

Polyunsaturated fatty acids 6.1 

 

 

Body Weight and Body Composition 

During the HFD feeding period, the body weight was measured each week. FM and fat-

free mass measurements were taken by MRI (Echo Medical Systems, LLC., Houston, TX) 

1-2 days before starting the feeding protocol, and 1-2 days before sacrificing the mice. 

The instrument was calibrated each time according to the manufacturer’s instructions. At 

each time point, two measurements were taken for each mouse and averaged. 

 

Indirect Calorimetry, Activity, and Food Intake 

Respiratory exchange ratio (RER), activity and food intake were assessed using the 

Oxymax system (Columbus Instruments, Columbus, OH) during week 10-11 of the feeding 

protocol. Mice were placed in an indirect calorimetry chamber (1 mouse per chamber) with 

food for 48 hours. The first 24 hours was used as an acclimation period, while the second 

24 hours period was used for recording RER (VCO2/VO2), activity and food intake. Energy 

expenditure (EE) was measured by using the gas exchange measurements as follows: 

(3.815 + 1.232 × RER) × VO2 [301]. 
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Intestinal Transit Time 

Transit time measurements were performed between week 11 and 12 on HFD feeding 

period. Prior to the start of the experiment, mice were individually caged. After two hours 

of acclimation, mice were given 250μL of 6% carmine red and 0.5% methylcellulose 

(Sigma-Aldrich, St. Louis, MO) in PBS by oral gavage. After gavaging the mice, the cages 

were then checked every 10 minutes and the time of appearance of the first red fecal pellet 

was recorded [238,302].  

 

Total Fecal Excretion 

Mice were housed 2-3 per cage. Feces from each cage were collected for 3-4 days 

between weeks 11 and 12 of the HFD feeding period, dried overnight at 60○C, and then 

weighed. The weight of the feces was converted into kcal energy excreted and divided by 

the number of mice in the cage, and by the number of days of collection. In order to control 

for differences in food intake (energy intake), the averaged energy intake was measured 

for the mice in the same cage from where the feces were collected. Then the results of 

the averaged feces excreted were normalized to their respective averaged 24 hour energy 

intakes, to generate values of kcal energy absorbed per mouse per day.  

 

Treadmill Exercise Protocol 

Exercise endurance testing was done after 12 weeks of HF feeding using a treadmill 

inclined at 25°. One day prior to the test mice were acclimated by walking at 5 m/min for 

5 minutes. For the test, the speed began at 6 m/min for 5 minutes, and then was increased 

by 3 m/min every 2 minutes. The treadmill has a shock grid at the base, which was kept 

at a low intensity. When the mice fail to keep up with the treadmill belt, they come in 

contact with the shock grid. When the mice remained on the shock grid for 5 seconds, 
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they were considered to be exhausted and have fatigue; at this time the mice were 

removed from the apparatus, and the time to fatigue and total distance traveled were 

recorded [303,304]. 

 

Oral Glucose Tolerance Tests (OGTT) 

Prior to the OGTT experiments, mice were fasted for 6 hours during week 11 of the HF 

feeding protocol. Blood was drawn from the tail vein, and glucose was measured using an 

Accu-Check monitor. Then an oral gavage of 2g glucose/Kg body weight was 

administered, and blood was sampled at time points of 30, 60, 90, and 120 minutes.  

 

Tissue Preparation 

At the end of the HF feeding period, mice were fasted for 16 hours prior to sacrifice. Before 

the surgery mice were anesthetized with ketamine-xylazine-acepromazine (80, 100, 150 

mg/kg intraperitoneally, respectively). Epididymal fat pads and livers were removed, 

weighed, immediately placed on dry ice, and stored at -80°C for further analysis. The small 

intestine from stomach to cecum was removed, measured lengthwise, rinsed with 60 mL 

of ice-cold 0.1M NaCl, and opened longitudinally. Intestinal mucosa was scraped with a 

glass microscope slide into tared tubes on dry ice to be further used for mRNA extraction, 

protein extraction, or lipid extraction. 

 

Blood Preparation and Analysis 

At time of sacrifice, whole blood was used to measure glucose (Accu-Check, Roche 

Diagnostics). Plasma was isolated after centrifugation for 6 minutes at 4000 rpm, and 

stored at -80°C for further analysis. ELISA kits were used to measure plasma insulin and 

leptin (Millipore). Adiponectin was measured using a Sigma-Aldrich ELISA kit. Plasma 

cholesterol and FFA were measured colorimetrically using Cell Biolabs kits, and TG was 
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measured colorimetrically using a Cayman kit.  Adiponectin and leptin indices were 

calculated by dividing adiponectin or leptin levels by the total FM determined by MRI. 

 

RNA Extraction and Real-Time PCR 

Total mRNA was extracted from small intestinal mucosa and liver, and analyzed as 

previously described [162,170]. Primer sequences (Table 3-6) were obtained from Primer 

Bank (Harvard Medical School QPCR Primer Database). The efficiency of PCR 

amplifications was checked for all primers to confirm similar amplification efficiency. Real 

time PCR reactions were performed in triplicate using an Applied Biosystems StepOne 

Plus instrument. Each reaction contained a suitable amount of cDNA, 250nM of each 

primer, and 12.5μL of SYBR Green Master Mix (Applied Biosystems, Foster City, CA) in 

a total volume of 25μL. Relative quantification of mRNA expression was calculated using 

the comparative Ct method, normalized to endogenous TATA-binding protein (TBP).  

 

Table 3-6: Primers sequences for qPCR analysis of hepatic lipid metabolism 

Genes  Sequences (5’3’) 

Tpb Forward AGAACAATCCAGACTAGCAGCA 

 Reverse GGGAACTTCACATCACAGCTC 

Fatp2 Forward TCCTCCAAGATGTGCGGTACT 

 Reverse TAGGTGAGCGTCTCGTCTCG 

Fapt5 Forward TCTATGGCCTAAAGTTCAGGCG 

 Reverse CTTGCCGCTCTAAAGCATCC 

Got1 Forward GCGCCTCCATCAGTCTTTG 

 Reverse ATTCATCTGTGCGGTACGCTC 

CD36 Forward ATGGGCTGTGATCGGAACTG 

 Reverse GTCTTCCCAATAAGCATGTCTCC 

Ldlr Forward TGACTCAGACGAACAAGGCTG 

 Reverse ATCTAGGCAATCTCGGTCTCC 

Lfabp Forward ATGAACTTCTCCGGCAAGTACC 

 Reverse CTGACACCCCCTTGATGTCC 

Scp2 Forward CCTTCTGTCGCTTTGAAATCTCC 

 Reverse GCTTCCTTTGCCATATCAGGAT 

Acbp Forward GAATTTGACAAAGCCGCTGAG 

 Reverse CCCACAGTAGCTTGTTTGAAGTG 

Acc1 Forward ATGGGCGGAATGGTCTCTTTC 
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 Reverse TGGGGACCTTGTCTTCATCAT 

Fasn Forward GGAGGTGGTGATAGCCGGTAT 

 Reverse TGGGTAATCCATAGAGCCCAG 

Elovl6 Forward GCACCCGAACTAGGTGACAC 

 Reverse CCCCAGCGACCATGTCTTT 

Scd1 Forward TTCTTGCGATACACTCTGGTGC 

 Reverse CGGGATTGAATGTTCTTGTCGT 

Acsl1 Forward TGCCAGAGCTGATTGACATTC 

 Reverse GGCATACCAGAAGGTGGTGAG 

Acsl5 Forward TCCTGACGTTTGGAACGGC 

 Reverse CTCCCTCAATCCCCACAGAC 

Cpt1α Forward CTCCGCCTGAGCCATGAAG 

 Reverse CACCAGTGATGATGCCATTCT 

Cpt2 Forward CAGCACAGCATCGTACCCA 

 Reverse TCCCAATGCCGTTCTCAAAAT 

Acadl Forward GAGAAGTGAGTAGAGAGGTCTGG 

 Reverse AACTGCTGTTGAGAGCAAGTC 

Hmgcs2 Forward AGAGAGCGATGCAGGAAACTT 

 Reverse AAGGATGCCCACATCTTTTGG 

Acox1 Forward TAACTTCCTCACTCGAAGCCA 

 Reverse AGTTCCATGACCCATCTCTGTC 

Acaa1b Forward TGCAGTCAAGCACAAGCCT 

 Reverse CAGGGAGTTCAGGGTGCTAC 

Pparα Forward AGAGCCCCATCTGTCCTCTC 

 Reverse ACTGGTAGTCTGCAAAACCAAA 

Gpat1 Forward CTTGGCCGATGTAAACACACC 

 Reverse CTTCCGGCTCATAAGGCTCTC 

Mgll Forward ACCATGCTGTGATGCTCTCTG 

 Reverse CAAACGCCTCGGGGATAACC 

Lipc Forward ATGGGAAATCCCCTCCAAATCT 

 Reverse GTGCTGAGGTCTGAGACGA 

Hnf1α Forward GACCTGACCGAGTTGCCTAAT 

 Reverse CCGGCTCTTTCAGAATGGGT 

Hnf4α Forward CACGCGGAGGTCAAGCTAC 

 Reverse CCCAGAGATGGGAGAGGTGAT 

Fgf21 Forward AGATCAGGGAGGATGGAACA 

 Reverse TCAAAGTGAGGCGATCCATA 
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Western Blotting 

Small intestinal mucosa and liver were harvested as described above, and homogenized 

in 10x volume of PBS pH 7.4 with 0.5% (vol/vol) protease inhibitors (Sigma 8340) on ice 

with a Potter Elvejhem homogenizer for 10 strokes. Total cytosolic fractions were obtained 

by ultracentrifugation (100,000 x g, 1 hour at 4°C) and protein concentration was 

determined by the Bradford assay [305]. Thirty micrograms of cytosolic protein were mixed 

with an Instant-Bands pre-staining protein sample loading buffer in a 2:1 (v/v) ratio 

(EZBiolab, Carmel, IN)  for visualization of total sample protein. Samples then were loaded 

onto 15% polyacrylamide gels and separated by SDS-PAGE. The proteins were then 

transferred onto 0.45μm nitrocellulose membranes using a semidry transfer system (Bio-

Rad) at 100 V constant voltage for 1.5 to 2 h. Membranes were blocked by incubating in 

5% non-fat dry milk overnight at 4°C, and were incubated with an α-LFABP primary 

antibody (1:2000 for 1 hour at room temperature) [163]. After thorough washing, blots were 

incubated in α-rabbit IgG-horseradish peroxidase conjugate (1:20,000) for 1 hour, and 

developed by chemiluminescence (WesternBright Quantum, Advansta, Menlo Park, CA). 

Protein expression was quantified by densitometric analysis with LI-COR Image Studio 

(Lite version 5.2). Target protein content was normalized to total protein content within a 

sample. 

 

Lipid Extraction and Metabolites Analysis 

Mucosa and liver samples collected as above were subsequently diluted with 10x volume 

of PBS, pH 7.4 per gram wet weight, and homogenized using 20 strokes with a Potter‐

Elvejhem homogenizer on ice. Protein concentration was determined by the Bradford 

assay [305], and lipid extraction was performed on samples containing 1 mg protein/ml 

using the Folch procedure [306]. Liver and intestinal lipid contents were normalized to the 

total protein. Lipids were extracted twice with 10 ml chloroform/methanol (2:1) and the 
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aqueous phase non‐lipid fractions discarded. The organic lipid layer was dried under a 

nitrogen stream and resuspended in chloroform/methanol (1:1) and spotted onto Silica 

gel‐G TLC plates along with authentic standards of known mass. The TLC plate was 

developed in a nonpolar solvent system consisting of hexanes: diethyl ether: and acetic 

acid (70:30:1 v/v/v). Another solvent system was used to separate cholesterol; hexane: 

diethyl ether: glacial acetic acid, 100:8:2, (v/v/v). The lipid spots were visualized by 

spraying the plates with solution contains 3% cupric acid in 8% phosphoric acid. Then, 

after evaporation in a 140 ○C oven, the plate was scanned with a Hewlett-Packard 

scanner. Absolute values for lipid masses were obtained by densitometric analysis with 

ImageJ software based on the standard curves using authentic standards. 

 

Histological Analysis 

Livers were harvested as described above and fixed in 10% neutral buffered formalin. The 

optimum formalin: liver volume ratio used was 15:1, with15 ml of formalin used per 1cm3 

of tissue. These conditions allow liver tissues to become adequately fixed within 24 hours 

at room temperature. Tissues were then embedded in paraffin. For initial histological 

analysis, around 6μm liver tissue sections were stained with hematoxylin and eosin (H&E) 

(Rutgers Pathology Services, Piscataway, NJ). After that tissue sections were 

photographed using the Vs120-S5 System (Olympus, Center Valley, PA). 

 

VLDL-TG Secretion Measurement 

After 12 weeks of HF feeding, mice were fasted for 6 hrs. Then an intraperitoneal injection 

of Tyloxapol (500 mg/kg BW) was administered to block lipolysis of TG via inhibition of 

lipoprotein lipase. At time 60, 90, 120, 150 and 180 minutes after injection, 15 μl of blood 

was collected from conscious mice via the tail vein. Blood TG levels were measured using 

a Cardiochek instrument (Polymer Technology Systems, Inc. Zionsville, IN). 
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Oral Fat Tolerance Test (OFTT) 

OFTT was performed as described previously [162]. After 12 weeks of HF feeding, mice 

were fasted for 6 h. Time 0 blood was taken from conscious mice via the tail vein and then 

an intraperitoneal injection of Tyloxapol (500 mg/kg BW) was administered to prevent 

lipolysis via inhibition of lipoprotein lipase. After 30 min, an orogastric gavage of 300 μL of 

olive oil was given. Blood was taken at t = 1, 2, 3, and 4 hours. Blood TG levels were 

measured using 15 μl of whole blood from the tail vein using a Cardiochek instrument 

(Polymer Technology Systems, Inc. Zionsville, IN). 

 

FA Oxidation Measurements 

FA oxidation rates in liver homogenates were measured as detailed by Huynh and co-

workers [307]. Briefly, upon sacrifice, livers (200 mg) were gently homogenized with a 

Potter–Elvehjem homogenizer for 5 strokes on ice, using 5x the weight of the samples 

(wet weight) of sucrose–Tris–EDTA, and the homogenates were centrifuged at 420 x g for 

10 min at 4°C, and then the supernatants were incubated for 30 min at 37°C with 370 µl 

of reaction mixture containing 1.6 µCi of 14C oleate solubilized in 0.7% bovine serum 

albumin (BSA), and 500 µM palmitate. 14CO2 generated from the reaction was released 

by adding 200 µl of 1 M perchloric acid and absorbed onto a piece of filter paper in the 

tube cap soaked with 10 µl of 1 M Sodium hydroxide. The filter paper and 14C-labeled acid 

soluble metabolites (ASMs) in the reaction mixture were assessed for radioactivity by 

scintillation counting. 

 

FA Uptake Assay 

FA uptake into different tissues were measured according to [308-310] with minor 

modification. Overnight-fasted mice received an orogastric gavage of 14C Oleic acid (2.5 
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μCi) in 200 μL olive oil. Four hours after the oral lipid load, mice were anesthetized with 

ketamine-xylazine-acepromazine (80, 100, 150 mg/kg ip, respectively). Blood samples 

were drawn from anesthetized mice, and plasma was extracted by adding 9% of perchloric 

acid and then centrifuged for 1 min at 16,000 x g. Liver, gastrocnemius muscle, and 

epidedmal white adipose tissue (eWAT) were removed, rinsed with NaCl and blotted dry. 

Tissues were weighed and EcoLume cocktail Counting Scintillant was added. Total 

radioactivity was measured using scintillation counting. Small intestines were also 

extracted, washed with 10 ml 0.8% NaCl and divided into two parts, the proximal intestine 

(PI) and distal intestine (DI). EcoLume cocktail Counting Scintillant was added and both 

the intestinal tissues and the non-absorbed luminal content (in NaCl) were examined for 

14C activity to determine the amount of absorbed versus non-absorbed FA present in the 

intestinal tract. 

 

Statistical Analysis 

The results were analyzed using Prism 8 version 2. Data are expressed as the mean ± 

standard error of the mean (S.E.M). Statistical comparisons were determined between 

genotypes on the same diet using a two-sided Student’s t-test. Differences were 

considered significant at P<0.05, with symbols *<0.05, **<0.01 and ***<0.001. 
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Results: 

The ablation of LFABP was specific to the liver 

LFABPfl/fl mice were crossed with A-cre homozygous mice to generate double mutant mice 

with one floxed LFABP gene allele and one allele that contains A-cre (LFABPfl/+;Acre/+). 

These double mutant mice were subsequently crossed with LFABPfl/fl mice to generate 

the liver-specific LFABP-/- mice (LFABPfl/fl;Acre/+, known as LFABPliv-/-), and littermate 

LFABPfl/fl mice that were used as WT controls (Fig 3-3A, B and C). Ablation of LFABP in 

the liver, but not the intestine of LFABPliv-/- mice, was confirmed by qPCR and Western 

blotting (Fig 3-3D and E). Control LFABPfl/fl mice were phenotypically similar to WT mice, 

expressing LFABP in both the liver and the intestine (Fig 3-3D and E).  
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Figure 3-3: Generating LFABPfl/fl and LFABPliv-/- mice. A and B, DNA gels showing PCR 

reactions for loxP sites flanking the lfabp gene. A, For the downstream loxP site, 506 BP 

indicates a WT allele, while 540 BP indicates an allele with the loxP site (325BP and 

215BP after digestion with EcoRl). B, For the upstream loxP site the band at 320 BP is 

indicative of an uncut WT band, while the 231BP and 119BP fragments indicate an allele 

that contains the loxP site after digestion with Psil; C, DNA gel showing PCR reactions for 

A-cre genotyping; D and E, qPCR and Western blotting confirm the liver-specific ablation 

of LFABP in LFABPliv-/- mice. Purified LFABP protein (pLF) was used as a positive control. 
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Female LFABPliv-/- mice have greater body weight and FM compared to the control 

floxed mice  

At two months of age, LFABPfl/fl and LFABPliv-/- mice were challenged with a 45% Kcal fat 

HFD. The body weight of female LFABPliv-/- mice was significantly higher than that of their 

LFABPfl/fl counterparts starting at week 7 of their HF challenge (Fig 3-4A), with higher body 

weight gain (Fig 3-4B). Female LFABPliv-/- mice also had greater FM % than female 

LFABPfl/fl mice (Fig 3-4C). For males, the average body weight gain did not change and 

FM % was slightly higher for LFABPliv-/-, but did not reach statistical significance (Fig 3-4D, 

E and F). 
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Figure 3-4: Body weight, body weight gain, FM % for LFABPfl/fl (●) and LFABPliv-/- (■) 

mice after 12 weeks of 45% Kcal HF feeding. A, Female mice body weights (n=8-10); 

B, Female mice body weight gain (n=8-10); C, Female mice FM percentage (n=8-9). D, 

Male mice body weights (n=11-12); E, Male mice body weight gain (n=11-12); F, Male 

mice FM percentage (n=11-12). Data are given as mean±S.E.M., analyzed using 

Student’s t-test. **, p < 0.01 for LFABPliv-/- versus LFABPfl/fl. 
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Mice lacking LFABP specifically from the liver have no difference in overall energy 

absorbed, feeding efficiency, or intestinal transit times 

Mice were placed into the Oxymax system to assess food intake. Feces were collected to 

measure fecal mass excreted over 24 hours. Despite the observed differences in body 

weight and body composition between LFABPfl/fl and LFABPliv-/- female mice, there were 

no alterations in the calories consumed and energy absorbed (Fig 3-5A). While there was 

a trend towards higher feeding efficiency (g of body weight gained per kcal absorbed), it 

did not reach significance (Fig 3-5B). Additionally, there was no difference in the intestinal 

transit time between the female cKO mice and control mice (Fig 3-5C). 

 

Male LFABPliv-/- mice ingested fewer calories per day, but also excreted fewer calories per 

day in their feces, resulting in no net differences in the amount of energy absorbed from 

the diet, when compared to LFABPfl/fl controls (Fig 3-5D). Similar to female cKO mice there 

was a trend towards higher feeding efficiency in male LFABPliv-/- mice compared to the 

control mice during HFD feeding but it did not reach significance (Fig 3-5E).  Additionally, 

there were no significant differences in the intestinal transit time of male LFABPliv-/- mice 

when compared to their control mice (Fig 3-5F).  
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Figure 3-5: Food intake, feeding efficiency, and intestinal transit times in LFABPfl/fl 

(●) and LFABPliv-/- (■) mice after 12 weeks of 45% Kcal HF feeding. A, Female mice 

24-hour energy intake, feces excreted and energy absorbed (n=6-10); B, Female mice 

feeding efficiency (n=6-10); C, Female mice intestinal transit time (n=7-12) ; D, Male mice 

24-hour energy intake, feces excreted and energy absorbed (n=10-11); E, Male mice 

feeding efficiency (n=10-11); F, Male mice intestinal transit time (n=9-12). Data are given 

as mean±S.E.M., analyzed using Student’s t-test. *, p < 0.05 for LFABPliv-/- versus 

LFABPfl/fl. 
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The liver-specific ablation of LFABP does not result in altered energy homeostasis 

Mice were placed into the Oxymax instrument to assess RER and EE. Despite the 

differences in body weight and body composition that were observed between female 

LFABPfl/fl and LFABPliv-/- mice, there were no differences in 24-hour RER or EE (Fig 3-6A 

and B). In male LFABPliv-/- mice, there were also no differences in the average 24-hour 

RER or EE relative to LFABPfl/fl mice (Fig 3-6C and D). 

                         

Figure 3-6: RER and EE for LFABPfl/fl (●) and LFABPliv-/- (■) mice after 12 weeks of 

45% Kcal HF feeding. A, Female mice 24-hour RER (n=7-10); B, Female mice EE (n=5-

7); C, Male mice 24-hour RER (n=8-10); D, Male mice EE (n=8-9). Data are given as 

mean±S.E.M., analyzed using Student’s t-test. 
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LFABPliv-/- mice retain their exercise capacity relative to LFABPfl/fl controls following 

chronic HF feeding 

Both spontaneous and induced physical activity parameters were assessed in the female 

and male LFABP liver-cKO mice. Female LFABPliv-/- mice did not have alterations in 

spontaneous activity (Fig 3-7A). However, female LFABPliv-/- mice display a higher 

exercise endurance capacity relative to their LFABPfl/fl controls (Fig 3-7B). Unlike their 

female counterparts, the male LFABPliv-/- mice had higher 24-hour spontaneous activity 

when compared to control LFABPfl/fl mice (Fig 3-7C). Furthermore, male LFABPliv-/- mice 

had higher exercise endurance capacity when compared to the LFABPfl/fl control mice, 

being able to run on the treadmill for a longer time and distance (Fig 3-7D). 
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Figure 3-7: Analyses of spontaneous activity and endurance capacity for LFABPfl/fl 

(●) and LFABPliv-/- (■) mice after 12 weeks of 45% Kcal HF feeding. A, Female mice 

24-hour spontaneous activity (n=7-10); B, Female mice exercise endurance running time 

and distance (n=9-10). C; Male mice 24-hour spontaneous activity (n=8-10); D, Male mice 

exercise endurance running time and distance (n=8-10). Data are given as mean±S.E.M., 

analyzed using Student’s t-test. *, p < 0.05 and **, p < 0.01 for LFABPliv-/- versus LFABPfl/fl. 
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LFABPliv-/- mice do not display alterations in plasma markers of energy balance 

To assess glucose handling in the LFABP-cKO mice, OGT and fasting plasma insulin were 

measured. Female LFABPliv-/- mice showed no differences in blood glucose concentrations 

at any time point and no differences in fasting plasma insulin, when compared to LFABPfl/fl 

mice (Fig 3-8A, B and C). Fasting plasma leptin was found to be higher in female LFABPliv-

/- mice relative to female LFABPfl/fl mice (Fig 3-8D), but a calculation of leptin index 

factoring in FM revealed no significant difference between these two groups (Fig 3-8E). 

Adiponectin level and index in female mice showed no difference between the two groups 

(Fig 3-8F and G). Also, in female LFABPliv-/- mice, there were no significant changes in the 

levels of NEFA, TG and cholesterol compared to their respective control mice (Figures 3-

8H, I and J). 

 

Male LFABP-cKO mice displayed similar glucose handling patterns, with LFABPliv-/- mice 

having no differences in glucose tolerance or fasting plasma insulin, when compared to 

LFABPfl/fl mice (Fig 3-8K, L and M). Additionally, fasting plasma levels of leptin (Fig 3-8N 

and O) and adiponectin (Fig 3-8P and Q) also did not differ between the two groups. 

Plasma levels of NEFA, TG and cholesterol in male LFABPliv-/- mice, were not different 

from the control LFABPfl/fl mice (Fig 3-8R, S and T).  
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Figure 3-8: Blood analyses for fasted LFABPfl/fl (●) and LFABPliv-/- (■) mice after 12 

weeks of 45% Kcal HF feeding. A, Female mice glucose tolerance test (n=9-13); B, 

Female mice glucose tolerance area under the curve (n=9-13); C, Female mice fasting 

plasma insulin (n=8-10); D, Female mice fasting plasma leptin (n=7-10); E, Female mice 

leptin index (n=7-10); F, Female mice fasting plasma adiponectin (n=10); G, Female mice 

adiponectin index (n=8); H, Female mice fasting plasma NEFA (n=10); I, Female mice 

fasting plasma TG (n=7); J, Female mice fasting plasma cholesterol (n=9-10); K, Male 
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mice glucose tolerance test (n=7-11); L, Male mice glucose tolerance area under the curve 

(n=7-11); M, Male mice fasting plasma insulin (n=8-10); N, Male mice fasting plasma leptin 

(n=10); O, Male mice leptin index (n=10); P, Male mice fasting plasma adiponectin (n=10); 

Q, Male mice adiponectin index (n=9-10); R, Male mice fasting plasma NEFA (n=9-10); S, 

Male mice fasting plasma TG (n=6-7); T, Male mice fasting plasma cholesterol (n=9). Data 

are given as mean±S.E.M., analyzed using Student’s t-test. **, p < 0.01 for LFABPliv-/- 

versus LFABPfl/fl. 
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Despite obesity, liver weight/body weight ratio in female LFABPliv-/- mice implies that 

there might be a protection against hepatic steatosis 

Since mice challenged with chronic HF feeding progressively develop not only obesity but 

also fatty liver, we investigated the long-term effects of HFD combined with liver-LFABP 

ablation on the liver phenotype. While the liver weight was significantly higher in female 

LFABPliv-/- mice, the ratio of liver weight/body weight was significantly lower relative to 

LFABPfl/fl control mice, implying that there might be protection against hepatic steatosis. 

(Fig 3-9A and B). HF feeding did not affect liver weights or the liver weight to body weight 

ratio in male LFABPliv-/- mice (Fig 3-9C and D). 

Figure 3-9: Liver weight and liver weight/body weight in fasted LFABPfl/fl (●) and 

LFABPliv-/- (■) mice after 12 weeks of 45% Kcal HF feeding. A, Female mice liver weight 

(n=10); B, Female mice liver weight/body weight (n=9-10); C, Male mice liver weight (n=9-

10); D, Male mice liver weight/body weight (n=9-10). Data are given as mean±S.E.M., 

analyzed using Student’s t-test. *, p < 0.05 and **, p < 0.01 for LFABPliv-/- versus LFABPfl/fl. 
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Obese female LFABPliv-/- mice have no accumulation of hepatic neutral lipids or their 

precursor FA compared to the control mice 

Hepatic TG, CE and FFA levels were analyzed in overnight fasted female and male mice. 

Although female LFABPliv-/- mice had higher body weight gain and increased FM compared 

to their controls, their hepatic TG and CE were comparable to their WT control 

counterparts (Fig 3-10A). FA, a precursor that can be used for TG and CE synthesis, was 

also similar in the liver of female LFABPliv-/- mice relative to their controls (Fig 3-10A). In 

male LFABPliv-/- mice, hepatic TG, CE and FA levels were not different from their control 

mice (Fig 3-10B). This was consistent with the results of liver weight/body weight. These 

findings were further confirmed by liver histology cross sections in female (Fig 3-10C) and 

male (Fig 3-10D) LFABPliv-/- mice, where no more accumulation of hepatic lipid droplets 

than the control mice was found.  
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Figure 3-10: Hepatic neutral lipids levels in LFABPfl/fl (●) and LFABPliv-/- (■) mice after 

12 weeks of 45% Kcal HF feeding. A, Female mice hepatic TG, CE and FFA levels (n=7-

8); B, Male mice hepatic TG, CE and FFA levels (n=6-7); C, Female mice H & E stained 

liver tissue; D, Male mice H & E stained liver tissue. Data are given as mean±S.E.M., 

analyzed using Student’s t-test.  
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Plasma VLDL-TG concentrations in LFABPliv-/- mice are comparable to their WT 

littermates 

In order to investigate the mechanisms underlying the reduced hepatic lipid accumulation 

in the obese female LFABPliv-/- mice, plasma levels of TG-rich VLDL were assessed. There 

is a possibility that TG is preferentially incorporated into VLDL particles for secreting it into 

the blood rather than storing. The results showed that female LFABPliv-/- mice were found 

to have a trend toward higher VLDL-TG secretion at 150 and 180 minutes, however, it did 

not reach statistical significance (Fig 3-11A). VLDL-TG secretion in male LFABPliv-/- mice 

was not different from their control at all-time points. (Fig 3-11B). 

 

Figure 3-11: VLDL secretion in LFABPfl/fl (●) and LFABPliv-/- (■) mice after 12 weeks 

of 45% Kcal HF feeding. A, Female mice blood VLDL-TG level (n=11-14); B, Male mice 

blood VLDL-TG level (n=10-12). Data are given as mean±S.E.M., analyzed using 

Student’s t-test.  
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The concentrations of other lipid species show no differences in the livers of 

LFABPliv-/- mice compared to control mice 

Another mechanism that might contribute to the reduced hepatic lipid accumulation in 

female cKO mice is a change in the pattern of hepatic FA distribution into other lipids such 

as PL rather than TG. However, the ablation of liver-LFABP did not result in altered hepatic 

lipid distribution; both female and male LFABPliv-/- mice displayed no differences in PL, 

cholesterol, or other glyceride species, such as DG and MG, when compared to their 

LFABPfl/fl counterparts (Fig 3-12A and B). 

 

Figure 3-12: Hepatic lipids in LFABPfl/fl (●) and LFABPliv-/- (■) mice after 12 weeks of 

45% Kcal HF feeding. A, Female mice hepatic lipid species (n=6-8); B, Male mice hepatic 

lipid species (n=6-8). CHOL, cholesterol; DG, diacylglycerol; MG, monoacylglycerol; PL, 

phospholipid. Data are given as mean±S.E.M., analyzed using Student’s t-test.  
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Liver-specific ablation of LFABP in the female mice causes alteration in intestinal 

lipids composition 

In LFABPliv-/- mice, LFABP is still expressed in the intestine. Therefore, we wanted to know 

whether LFABP ablation specifically from the liver would affect the intestine. The ratio of 

intestinal length to body weight was not different for both female and male LFABPliv-/- mice 

relative to their controls (Fig 3-13A and C). However, the intestine of female LFABPliv-/- 

mice displayed a significant accumulation of TG and a reduction of PL (Fig 3-13B) 

suggesting a redistribution of FA towards more TG synthesis at the expense of PL 

synthesis. The lipid composition of the proximal and distal intestinal mucosa revealed no 

difference for all of the lipid species in male LFABPliv-/- mice when compared to the control 

mice (Fig 3-13D). 
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Figure 3-13: Intestinal length and lipid composition in LFABPfl/fl (●) and LFABPliv-/- 

(■) mice after 12 weeks of 45% Kcal HF feeding. A, Female mice intestine length/body 

weight ratio (n=13); B, Female mice lipid species concentrations (n=6-9); C, Male mice 

intestine length/body weight ratio (n=12-13); D, Male mice lipid species concentrations 

(n=8). CHOL, cholesterol; CE, cholesteryl ester; DG, diacylglycerol; FFA, free fatty acid; 

MG, monoacylglycerol; PL, phospholipid; TG, triglyceride. Data are given as 

mean±S.E.M., analyzed using Student’s t-test. *, p < 0.05 and **, p < 0.01 for LFABPliv-/- 

versus LFABPfl/fl. 
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Chylomicron secretion rates show no differences in female and male cKO LFABP 

mice relative to the control mice 

The redistribution of intestinal lipids could result from changes in TG-rich chylomicron 

secretion. Therefore, OFTTs were performed to assess whether the secretion of TG-rich 

chylomicrons was affected by the ablation of LFABP specifically from the liver. No 

significant differences in chylomicron secretion were found in female LFABPliv-/- mice 

relative to their floxed control mice (Fig 3-14A). In male LFABPliv-/- mice, TG levels were 

slightly but significantly higher at baseline and 1 hour post oil gavage (p< 0.001, p< 0.01 

respectively) than what was found in their control mice (Fig 3-14C). Overall, the area under 

the curve (AUC) showed a non-significant trend towards lower chylomicron secretion rates 

in both female and male LFABPliv-/- mice (Fig 3-14B and D). 
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Figure 3-14: Intestinal chylomicron secretion rates in LFABPfl/fl (●) and LFABPliv-/- (■) 

mice after 12 weeks of 45% Kcal HF feeding. A, Female mice blood TG levels (n=6-8); 

B, Female mice fat tolerance AUC (n=6-8); C, Male mice blood TG levels (n=7-9); D, Male 

mice fat tolerance AUC (n=7-9). Data are given as mean±S.E.M., analyzed using 

Student’s t-test. **, p < 0.01 and ***, p < 0.001 for LFABPliv-/- versus LFABPfl/fl. 
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Hepatic FA oxidation in female and male LFABPliv-/- mice. 

FA oxidation rates were measured by quantifying the appearance of 14CO2 and 14C-labeled 

ASMs after adding 14C-oleate to the liver homogenates of 16 hour fasted mice. Female 

(Fig 3-15A and B) and male LFABPliv-/- mice (Fig 3-15C and D) showed a slight trend 

toward reduction in hepatic FA oxidation rate manifested by reduction in the amount of 

14CO2 and 14C-labeled ASMs, when compared to their floxed control mice. However, these 

reductions did not reach statistical significance, suggesting that ablation of LFABP 

specifically from the liver did not exert its influence on FA oxidation capacity to a large 

extent.  
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Figure 3-15: FA oxidation rate after 14C-oleic acid administration to the liver 

homogenates of LFABPfl/fl (●) and LFABPliv-/- (■) mice under overnight fasting 

condition. A, Female mice 14CO2 production (n=8-9); B, Female mice 14C-labeled ASMs 

(n=10-11); C, Male mice 14CO2 production (n=7); D, Male mice 14C-labeled ASMs (n=8-9). 

Data are given as mean±S.E.M, analyzed using Student’s t-test.  

 

FA uptake is significantly reduced in the liver and the intestine of female LFABPliv-/- 

mice 

As mentioned previously, LFABP is thought to control FA uptake via generating a 

concentration gradient cross the plasma membrane [311]. In order to determine impact of 

liver-LFABP ablation on FA uptake, LFABP-cKO mice were fasted overnight and gavaged 

with 14C-oleic acid. In female LFABPliv-/- mice, FA uptake was significantly reduced in the 

liver and proximal intestine, and trended towards a lower uptake in the distal intestine, 

relative to the WT control mice (Fig 3-16A). Furthermore, the results showed a trend 

towards a higher FA uptake in the adipose tissue (Fig 3-16A). The radioactivity of other 

tissues, feces and blood was not different from the control mice (Fig 14A and B). On the 

other hand, the ablation of liver-LFABP in male mice did not influence FA uptake in the 

assessed tissues, when compared to male WT control mice (Fig 3-16C and D). 
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Figure 3-16: Tissues FA uptake after oral administration of 14C-oleic acid into 

LFABPfl/fl (●) and LFABPliv-/- (■) mice under overnight fasting condition. A, Female 

mice FA uptake into eWAT, liver, P. Int, D. Int and gastrocnemius muscle (n=6-7); B, 

Female mice 14C-oleic acid appearance in the feces and the blood (n=7); C, Male mice FA 

uptake into eWAT, liver, P. Int, D. Int and gastrocnemius muscle (n=6-9); D, Male mice 

14C-oleic acid appearance in the feces and the blood (n=8-9). D. Int, distal intestine; eWAT, 

epididymal white adipose tissue; P. Int, proximal intestine. Data are given as mean±S.E.M, 

analyzed using Student’s t-test. *, p < 0.05 and **, p < 0.01 for LFABPliv-/- versus LFABPfl/fl. 
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The ablation of liver-LFABP is associated with alterations in the expression of 

genes involved in hepatic lipid metabolism  

It is possible that the absence of LFABP in the liver may result in alterations in the 

expression of genes related to lipid metabolic pathways. qPCR analysis was used to 

assess some of the genes involved in hepatic lipid transport and metabolism, i.e. 

membrane FA uptake, cytosolic LCFA binding/transporting, mitochondrial and 

peroxisomal LCFA β-oxidation, de novo FA synthesis and TG synthesis. In both male and 

female LFABPliv-/- mice, several changes in the hepatic expression of genes related to lipid 

uptake, transport, and metabolism were noted, when compared to their respective control 

mice. 

 

In female mice there was not that much impact of liver-LFABP ablation on genes 

expression (Fig 3-17A, Table 3-1) compared to the changes in male mice. There was a 

significant reduction in the expression of glutamic oxaloacetic transaminase (Got1) gene, 

which was opposed by the up-regulation of CD36 expression, suggesting that these two 

counter-regulated genes would have no net influence on FA uptake, and that the reduction 

that was noted in female hepatic FA uptake was mainly due to the ablation of LFABP from 

the liver. There were no changes in the expression of genes involved in FA synthesis, 

except for an upregulation of the Scd1 gene, which catalyzes the rate-limiting step in the 

synthesis of unsaturated FA. Additionally, LFABP ablation was associated with a 

decreased expression of genes involved in FA oxidation like Cpt1α and acyl-CoA 

dehydrogenase-long chain (Acadl), however, it was insufficient to reduce FA oxidation to 

a significant extent. A decreased expression of these genes indicated less FA breakdown 

which may be related to the decreased availability of intracellular FA.  
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The ablation of LFABP in male mice (Fig 3-17B, Table 3-1), resulted in down-regulation in 

the expression of genes involved in LCFA uptake across the plasma and peroxisomal 

membrane, i.e. CD36 and Fatp2 respectively. There was also a reduction in the mRNA 

expression of low-density lipoprotein receptor (Ldlr), a gene that is involved in the uptake 

of cholesterol. Other genes involved in plasma membrane FA uptake showed no change 

in response to liver-LFABP ablation. There was also a down-regulation in the expression 

of Acbp which is involved in cytosolic LCFA-CoAs transport. Unlike what was found in 

McIntosh et al. and Martin et al. studies [179,214], which reported an increase in the 

expression of Scp2, both male and female LFABPliv-/- mice had no changes in the 

expression of this gene. 

 

In male mice the expression of Acc1 and Fasn, genes involved in de novo FA synthesis, 

showed a substantial reduction. There was also a reduction in the expression of Acsl1. 

Hepatic LFABP ablation also down-regulated hepatic expression of key enzymes involved 

in mitochondrial LCFA β-oxidation like Cpt2, 3-hydroxy-3-methylglutaryl-CoA synthase 

(Hmgcs) and peroxisomal FA oxidation like acyl-CoA oxidase-1 (Acox1) and acetyl-CoA 

acyl transferase 1b (Acaa1b). Hepatic TG lipase (Lipc), which is involved in the hydrolysis 

of TG, also showed a reduction in expression suggesting that there might be less 

degradation of TG. The reduced expression of FA oxidation related genes could be a 

feedback mechanism to balance out the reduced expression of genes involved in FA 

uptake and synthesis as an attempt to maintain FA homeostasis. Collectively, the results 

of hepatic expression of genes related to lipid metabolism in male mice suggested that the 

lack of metabolic responses to liver-LFABP ablation in male mice might be due to these 

potential alterations in genes expression which are opposing each other, resulting in no 

net changes in hepatic contents of FA, TG and other lipid species. In both female and 

male mice there was no effect of LFABP ablation on the expression of Pparα, Hnf1α and 
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Hnf4α or signaling molecules like fibroblast growth factor (Fgf21). This finding is in 

agreement with previous work showing that L-FABP is not required for the action of the 

transcriptional factor Ppar-α [188]. 

 

 

Figure 3-17: Relative quantitation of mRNA expression of genes involved in liver 

lipid metabolism in 45% Kcal fat HF fed LFABPfl/fl (●) and LFABPliv-/- (■) mice. A, 

Female mice expression of genes involved in lipid metabolic pathways (n=7-9); B, Male 

mice expression of genes involved in lipid metabolic pathways (n=6). Data are given as 

mean±S.E.M., analyzed using Student’s t-test. *, p < 0.05, **, p < 0.01, and ***, p < 0.001 

for LFABPliv-/- versus LFABPfl/fl. 
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Table 3-7: Alterations of hepatic mRNA expression of genes involve in lipid 

metabolism in both female and male LFABPliv-/- mice relative to LFABPfl/fl mice.  

Bold arrows indicate significant differences (*, p<0.05; **, p<0.01; ***, p<0.001). Light 

arrows indicate trends.  indicates increase,  indicates decrease, and = indicates no 

change. 

Genes Female Male 

FA/lipid uptake   

Fatp2 =  * 

Fatp5 = = 

Got1    **  

CD36   *     *** 

Ldlr =  * 

   

FA transport   

Lfabp     ***     *** 

Scp2 =  

Acbp =   ** 

   

FA synthesis/metabolism   

Acc1 =  * 

Fasn =  * 

Elovl6 =  

Scd1  *   

Acsl1 =  * 

Acsl5 =  

   

FA β-oxidation   

Cpt1α  * = 

Cpt2 =     ** 

Acadl  * = 

Hmgcs2 =     ** 

Acox1 =     *** 

Acaa1b =  * 

   

TG metabolism   

Gpat1 =  
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Mgll =  

Lipc =  * 

   

Transcription factors   

Hnf1α = = 

Hnf4α = = 

Pparα =  

   

Other    

Fgf21   
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Discussion 

LFABP is a member of a large family of low molecular weight lipid binding proteins that 

are expressed in many tissues. LFABP is abundantly expressed, constituting 2-5% of the 

total cytoplasmic proteins in the enterocytes and in the hepatocytes and was also found 

to be expressed in the HSCs of the liver and in the endocrine D cells of the intestine  

[36,122,166,292]. It is thought to play a pivotal role in the uptake/transport of FA to different 

intracellular compartments for further hepatic lipid metabolism [158]. Additionally, LFABP 

is also involved in the regulation of whole-body energy homeostasis [230]. Previously, it 

has been shown that LFABP-/- male mice gained more body weight and FM upon HF 

feeding, which was partly due to increased food intake [162]. Despite their obesity, 

however, LFABP-/- mice were metabolically healthy, being normoglycemic, 

normoinsulinemic, and normolipidemic [162]. Recently, we found that whole-body KO of 

LFABP in female mice also results in greater body weight and FM gain compared to their 

control mice (unpublished data), the same observations as in another study [213].  LFABP-

/- mice, despite their obesity, displayed a protection against hepatic steatosis [213]. 

Additionally, HF fed LFABP-/- mice were more active and had greater exercise endurance 

than WT mice [162,219]. Here in this study, mice with the ablation of LFABP specifically in 

the liver were generated to focus on the liver phenotype of LFABP. Furthermore, liver-

specific ablation of LFABP will determine if the MHO phenotypes that were observed in 

the whole-body LFABP null mice are due to liver-LFABP, or if they require the ablation of 

either the intestinal or both liver and intestinal LFABPs.  

 

Previous studies from our laboratory demonstrated that there are few phenotypic 

differences between LFABP-/- and WT mice on a chow diet or a low 10% kcal fat diet, and 

that LFABP-/- mice become heavier than WT mice when challenged with a 45% kcal HFD 

for 12 weeks [162,163]. As noted above, the higher body weight gain in the LFABP-/- mice 
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was partly due to increased caloric intake and feeding efficiency [162]. As shown in chapter 

2, we recently found that LFABP-/- mice also have slower intestinal transit time and 

reduced fecal output, indicating that more time is available for nutrients to be absorbed 

(chapter 2). In HF fed male global LFABP-/- mice, the ratio of VO2/VCO2 (RER) was lower 

compared to the WT control mice suggesting that these mice are depending on lipids as 

their major source of energy.  Additionally, an assessment of their spontaneous activity 

and their exercise endurance revealed that, despite being obese, LFABP-/- male mice were 

more active; were able to run double the distance on a treadmill when compared to the 

WT mice [162,219]. The protection against HFD inducing decline in the exercise endurance 

activity in the whole-body LFABP-/- was due, at least in part, to the availability of more 

skeletal muscle energy sources like intramuscular TG and glycogen stores [219]. 

 

Similar to what we found in the global LFABP deletion, female LFABPliv-/- mice displayed 

an obese phenotype, with higher body weight and FM %, when compared to female 

LFABPfl/fl mice. Obesity usually occurs as a result of excess energy intake, reduced EE, 

or a combination of both [312]. However, these alterations in body weight and body 

composition in the female LFABPliv-/- mice, were not due to differences in the amount of 

energy absorbed, feeding efficiency, RER, or EE. Alterations in intestinal motility are 

known to accompany obesity [313], and indeed the obese phenotype in the whole-body 

HF fed LFABP-/- mice was accompanied by a reduction in the amount of total fecal output 

and an extended intestinal transit time (chapter 2), which could provide more time for 

efficient digestion and absorption of nutrients. However, this also was not the case in 

female LFABPliv-/- mice, as their fecal output and intestinal transit times were comparable 

to the LFABPfl/fl control mice. Overall, it is not clear what are the underlying causes of the 

increased body weight and FM observed in the female LFABPliv-/- mice are, although a 
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trend toward higher feed efficiencies were found in both sexes of LFABPliv-/- mice relative 

to controls. 

 

Despite the heavier body weight, female LFABPliv-/- mice were similar to the whole-body 

KO mice, displaying higher exercise activity compared to their respective control mice 

when they were challenged with treadmill running. This finding suggests that the ablation 

of LFABP specifically in the liver is able to influence exercise activity and induce the same 

exercise capacity as in the whole-body LFABP ablation [219]. As previously mentioned, 

the higher endurance exercise capacity in LFABP-/- mice was due to the availability of 

more intramuscular substrates, utilized as sources of energy, like intramuscular TG and 

glycogen [219]. Additionally, these mice had higher FA oxidative machinery and greater 

mitochondrial function, which are necessary for skeletal muscle substrate utilization [219]. 

LFABP is expressed abundantly in the liver and intestine, but not in the skeletal muscle. 

Many studies have shown that there is an inter-organ crosstalk that can occur between 

skeletal muscle and different tissues like gut, liver, bone, brain, and adipose tissue 

[314,315].  Interestingly, as described in Chapter 2, we recently found that in LFABP-/- mice 

there is a change in the luminal microbiota towards increased abundance of obesity-

associated bacteria. At the same time, there are higher fecal levels of the bacterial SCFA 

metabolites, including acetate, propionate, butyrate and other SCFAs (chapter 2). Many 

studies have focused on inter-organ crosstalk between the gut and skeletal muscle via the 

proposed “gut-muscle axis”, highlighting the beneficial effects of SCFAs in increasing the 

availability of muscular glycogen and stimulating FA uptake and oxidation, resulting in 

more efficient energy utilization, and promoting higher exercise activity [64,219,225,276]. It 

is possible that the liver-specific ablation of LFABP is sufficient to induce the active 

phenotype via communication between skeletal muscle, intestine, and liver, via alteration 

in the microbiome and SCFA levels. 
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There was no change in the body weight and the body composition of male LFABPliv-/- 

mice, possibly because these mice did not show any differences in amount of energy 

absorbed, EE, or feeding efficiency. Additionally, there was not any observable change in 

the intestinal transit time or energy excreted. These findings suggest that the ablation of 

LFABP in the intestine or in both the liver and the intestine is necessary to induce the body 

weight, FM and food intake changes that are observed in the male whole-body LFABP-/- 

mice. Male LFABPliv-/- also were also similar to the whole-body LFABP-/- mice, displayed 

higher spontaneous activity, and they retained their endurance capacity after treadmill 

challenge when compared to the LFABPfl/fl mice. This finding indicates that the higher 

exercise activity of LFABPliv-/- mice was not gender dependent phenotype. However, liver-

specific ablation of LFABP did not affect EE or RER, suggesting that the ablation of liver-

LFABP in male mice is not enough to shift the whole-body fuel usage towards lipids. 

Nevertheless, it was enough to induce the same spontaneous activity and exercise 

endurance phenotypes that were seen in the whole-body LFABP-/- mice. 

 

The phenotypes associated with the MHO phenomenon include normal glucose levels, 

blood pressure, and lipid levels [294]. Analysis of plasma signals involved in whole-body 

homeostasis in HF fed LFABP-/- mice revealed no remarkable differences from the WT 

control mice. [162]. Despite their obese phenotype, the global LFABP-/- mice had fasting 

glucose, insulin, and lipids levels comparable to those of their leaner WT counterparts. 

Leptin and leptin index values were strikingly higher in both HF fed obese LFABP-/- and 

low fat fed lean LFABP-/-, indicating that the elevation of plasma leptin was a genotype 

related effect, primarily due to the ablation of LFABP, and not related to the administration 

of diet induced obesity. Similarly, in female and male LFABPliv-/- mice, all these plasma 

parameters were comparable to the LFABPfl/fl control mice. The only exception was leptin, 



124 
 

 

with higher levels in female LFABPliv-/- mice, however, when leptin level was normalized to 

the corresponding FM, there were no differences between LFABPliv-/- mice and LFABPfl/fl 

controls. This indicates that the ablation of intestinal LFABP is likely necessary for the 

elevated leptin level that was found in the whole-body KO mice. Interestingly, we recently 

found that mice with intestinal specific ablation of LFABP (LFABPint-/-) demonstrated higher 

body weight and FM but no change in leptin index (unpublished data), suggesting that 

ablation of both liver and intestinal LFABP is necessary for generating the higher leptin 

levels in the global LFABP-/- mouse. 

 

LFABP has two ligand binding sites and has been shown to bind two FAs or two MGs 

[169,170]. It is also known to bind a broad range of other hydrophobic ligands. LFABP binds 

FA with high affinity and is thought to play a pivotal role in FA uptake, trafficking, and 

metabolism [169]. Therefore, we hypothesized that ablation of LFABP specifically in the 

liver would disturb FA uptake and metabolism. While the livers of female LFABPliv-/- mice 

were larger than those of their control mice, this difference was abrogated when liver 

weights were normalized to body weight, resulting in a significant reduction relative to the 

LFABPfl/fl control mice. This indicates a possible protection against hepatic steatosis. Two 

other groups, working with whole-body LFABP-/- mice, have demonstrated a protection 

against hepatic steatosis in response to LFABP ablation and concomitant HF feeding, 

independent of their respective body weight phenotypes. The Davidson group found that 

female LFABP-/- mice were protected from developing obesity and hepatic steatosis on a 

high saturated fat diet, and were protected against hepatic steatosis on chow diet. In 

contrast, this protection was no longer manifested when female LFABP-/- mice were fed 

with polyunsaturated FA diet [189,212,316,317]. The Binas and Schroeder group 

demonstrated that male and female LFABP-/- gained more weight and were protected 

against hepatic steatosis, when pair fed a HFD for 12 weeks [213]. However, ad libitum 
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access to HFD did not result in the same protection against hepatic steatosis in these mice 

[214]. 

 

Obesity is typically associated with non-alcoholic fatty liver disease that is characterized 

by TG accumulation in lipid droplets (i.e. steatosis), and sometimes accompanied by 

inflammation and fibrosis (i.e. steatohepatitis) [318]. In our study, despite the obese 

phenotype, female LFABPliv-/- mice displayed no accumulation of neutral lipids indicative 

of steatosis, such as TG, CE, and its FA precursors when compared to their controls. The 

same findings were noted in the whole-body male and female LFABP-/- mice; they 

displayed no changes in the levels of different hepatic lipid species compared to their 

controls [213]. This protection could be due to the redistribution of FA into another lipid 

species or an increased incorporation of TG into new VLDL for export instead of storage. 

However, the results showed that no significant differences between LFABPliv-/- mice and 

their controls in FA redistribution, and no alterations in VLDL secretion. This finding in 

female LFABPliv-/- mice is different from some other studies in the whole-body LFABP-/- 

mice, where increased hepatic cholesterol, lower TG levels [179,189,212] and lower PL 

level were reported following HFD feeding [212]. While the reduced VLDL secretion in the 

whole-body KO mice could not explain the protection against accumulation of hepatic TG 

in the LFABP whole-body KO, reduced hepatic FA uptake was accounted for this 

protection [189] 

 

Since LFABP is still expressed in the proximal small intestine where most of intestinal lipid 

processing occurs, we hypothesized that the observed protection against hepatic 

steatosis in the female LFABPliv-/- mice might be influenced by compensatory responses 

in the intestine to the liver-specific ablation of LFABP, such as changes in the intestinal 

length, alterations in the amount of intestinal lipids, or a change in TG output as 
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chylomicrons. In female LFABPliv-/- mice the intestinal length was not changed, however, 

the intestinal mucosa of female LFABPliv-/- mice had higher TG and lower PL 

concentrations than the control mice. These findings could be due to an up-regulation of 

the intestinal-LFABP upon its specific ablation from the liver, and we found previously that 

intestinal-LFABP play a role in incorporating FA into TG more than into PL [162,163]. 

Interestingly, despite the fact that obesity and HFD are usually associated with a 

substantial reduction in rates of intestinal TG secretion [217,218], the obese female 

LFABPliv-/- mice did not show any differences in the rate of TG appearance in the blood 

after a lipid bolus, relative to their control mice. Since there is more intestinal TG content 

in female LFABPliv-/- mice, it is possible that it is incorporated into chylomicrons, 

counteracting the effect of obesity on reducing chylomicron secretion rates, and leading 

to comparable levels to their control mice. Another suggested mechanism that could 

prevent the reduction in the output of TG-rich chylomicron caused by obesity and HF 

feeding, is an up-regulation in the expression of intestinal-LFABP which is involved in the 

generation of PCTVs from the ER and chylomicron assembly in Golgi apparatus [90,91].  

In contrast to our finding in female LFABPliv-/- mice, Schroeder group reported that their 

whole-body LFABP-/- obese mice tended to have a greater intestinal TG secretion rate 

than the control mice [162], while Newberry and coworkers reported that their lean LFABP-

/- mice showed a substantial decrease in the intestinal TG secretion rate, and a higher TG 

content in the proximal part of the intestine [212]. This divergence in the results of 

chylomicron secretion rate is not yet understood. It was noted that the secretion rate of 

VLDL and chylomicron were higher in the female mice than in the male mice. This increase 

could be due to the sex hormones differences and also it has been found recently that gut 

microbioba can modulate sex related differences in lipid metabolism [319,320] 
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Another mechanism that might explain the protection against hepatic steatosis would be 

increased oxidation of hepatic FA. Liver FA oxidation was inferred from the levels of 14CO2 

and 14C-labeled ASM, and in female LFABPliv-/- mice it was found to be slightly lower than 

the control mice, however, it did not reach statistical significance. Our previous study in 

the whole-body LFABP-/- mice also showed no changes in the plasma level of β-

hydroxybutyrate (unpublished data). These findings are different than those of Newberry 

and co-workers, where lower plasma levels of β-hydroxybutyrate in the whole-body 

LFABP-/- mice were used to suggest that there was a reduction of hepatic FA oxidation 

[189]. It is worth noting that β-hydroxybutyrate may not be the best indicator of hepatic FA 

oxidation, since it is a product of the ketogenesis pathway and does not necessarily reflect 

the whole mitochondrial oxidative capacity.  Erol et al. also showed in their study that there 

is a reduction in hepatic FA oxidation, however, this reduction occurred only in the intact 

hepatocytes but not in the liver homogenates of LFABP-/- mice [188] which is in accordance 

with our finding in this study, and which likely reflects impaired trafficking of the FA to the 

oxidative machinery rather than a reduction in the oxidative capacity. It is also possible 

that the liver-LFABP is involved in directing FA towards TG synthetic pathway more than 

to the oxidative pathway, and therefore its specific ablation from the liver could impact TG 

levels more than FA oxidation. Studying the intestinal phenotype of LFABP in the whole-

body KO mice showed that LFABP has an important role in directing FA to the oxidative 

pathway [162]. Thus the role of LFABP trafficking of FA to oxidative machinery appears to 

be similar in the liver and the intestine. Overall, these findings suggess that the resistance 

to hepatic steatosis is not caused by upreglulation of FA oxidation. 

 

LFABP and other FABPs decrease the unbound FA concentration by being a reservoir for 

FA, thereby preventing lipotoxicity caused by high levels of FFA, and enhancing FA uptake 

by maintaining the FA concentration gradient across the plasma membrane [311,321,322]. 
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For this reason, another potential mechanism for protection against hepatic steatosis is 

the reduction of FA uptake into the liver. We hypothesized that the ablation of LFABP in 

the liver would impact hepatic FA uptake. Indeed, the results from FA uptake experiments, 

which measured the activity of the gavaged 14C-oleate in different tissues, demonstrated 

that this was the case; there was a significant reduction in FA uptake in the liver of female 

LFABPliv-/- mice relative to the floxed control mice, indicating that there might be a shift of 

FA trafficking away from the liver, leading to increased availability of FA to be taken up by 

other tissues such as adipose tissue for storage and/or muscle for use as an energy 

substrate. The protection against hepatic steatosis in the whole-body LFABP-/- mice was 

also due to reduced hepatic FA uptake [189]. Examining FA uptake in other tissues of 

female LFABPliv-/- mice revealed a trend towards higher FA uptake in the adipose tissue 

with no difference in the muscle when compared to their control mice. This finding 

suggests that more FA are taken up by adipose tissue for storage as TG, which may partly 

explain the greater FM that is seen in female LFABPliv-/- mice. However, there was no 

difference in FA taken up by the muscle. As mentioned previously, in the whole-body 

LFABP KO, the protection against the decline in the endurance activity was due to higher 

intramuscular substrates availability such as TG and glycogen. Additionally, there was a 

greater mitochondrial quantity and activity with higher FA oxidative machinery in the 

muscle of LFABP-/- mice relative to their WT control mice [219]. Therefore, it is expected 

that those mechanisms that underlie the greater endurance activity in the whole body 

LFABP-/- mice could explain, at least in part, the greater endurance activity that was found 

in LFABPliv-/- mice when compared to their control mice. It is also possible that at the time 

of tissue collection, the muscle may have taken more FA but at the same time oxidized it, 

such that no increase in the activity of 14C-oleate was found in the muscle. 
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Surprisingly, despite the fact that LFABP is still expressed in the intestine of LFABPliv-/- 

mice, there was significant reduction in FA uptake in the proximal part of the small 

intestine, and a non-significant reduction in FA uptake in the distal part of the small 

intestine of female LFABPliv-/- mice when compared to their control floxed mice. Gajda and 

colleagues found in their study that the intestinal LFABP did not affect intestinal FA uptake, 

since fecal fat excretion was not altered in LFABP-/- mice [162]. Therefore, there might be 

other mechanisms leading to the reduction of intestinal FA uptake. For example, 

alterations in the abundance of other proteins involved in FA uptake, such as CD36 and 

FATP4, could result in a reduction of intestinal FA uptake. We hypothesize that such 

reductions in intestinal FA uptake could be a negative feedback mechanism to oppose the 

surplus availability of FA resulting from lower hepatic uptake of FA. Previous studies also 

demonstrated a reduction in FA uptake in the livers of whole-body LFABP-/- mice [179,189]. 

We propose that the reduction of hepatic FA uptake due to the absence of LFABP is 

associated with reducing hepatic storage of FA in the form of TG, leading to a comparable 

hepatic lipid droplets accumulation in female LFABPliv-/- mice relative to the control mice 

despite their obese phenotype. At the same time, there was no effect on FA that were 

directed to oxidative pathways, to VLDL secretion, or to the synthesis of other lipid species.  

 

While no alterations were found in energy consumption, energy production, or the 

intestinal transit time that can explain the heavier body weight and FM in the female 

LFABPliv-/- mice, these phenotypes could be due to the redistribution of FA from liver to 

adipose tissues for storage. This redistribution of FA also could account for the protection 

against hepatic steatosis.  

 

In male mice we found that the ablation of hepatic-LFABP did not influence liver weight, 

hepatic lipid concentrations, and hepatic FA uptake. Additionally, there were no significant 
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changes in other mechanisms that can influence the supply or the availability of hepatic 

FA, such as intestinal lipid content, intestinal TG secretion rate, FA uptake to tissue other 

than the liver such as intestine, muscle and adipose tissue, hepatic FA oxidation, or VLDL 

secretion.  

 

It is well known that LFABP affects trafficking of FA to the nucleus where it interacts with 

PPARα and induces the transcription of many genes involved in lipid metabolism. Thus, 

both male and female LFABPliv-/- mice showed an effect of liver-specific ablation of LFABP 

on hepatic lipid metabolic pathways, observed mainly in the expression of genes involved 

with FA transport, FA synthesis, and FA oxidation. However, these transcriptional changes 

have no discernable effect on lipids levels or the rate of FA oxidation. By binding FAs  

LFABP functions to generate a FA concentration gradient across the cell membrane, 

promoting FA uptake upon binding and transporting FFA into various metabolic pathways 

[321,322]. Ablation of liver-LFABP likely leads to more unbound FA in the cytosol, resulting 

in higher cytosolic FA concentration, hence, generating an opposite concentration 

gradient to limit further FA uptake. Therefore, the reduction in the expression of genes 

involved in FA uptake and synthesis could be a negative feedback mechanism to prevent 

accumulation of unbound FA. The imbalanced FA concentration that might be caused by 

decreased uptake and synthesis of FA was also restored by reducing FA degradation as 

suggested by decreased expression of genes involved in FA oxidation and by trend toward 

a reduction in the oxidation of 14C-oleate. Overall, these changes appear to lead to a 

balanced hepatic FA and TG concentrations that were comparable to what was found in 

LFABPfl/fl control mice. The gene expression data support a pivotal role of LFABP in 

hepatic FA uptake and transportation and was likely the main cause of the observed 

reduction of hepatic FA uptake in this study. However, it is worth mentioning that the 

changes that were observed in lipid metabolic pathways at the transcriptional level do not 
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necessarily mean that the same trends of changes are occurring at the level of protein 

abundance, or protein activity; such analyses will be needed to support these 

interpretations.   

 

In summary liver-LFABP gene ablation in mice resulted in strong body weight and FM 

phenotypes, with female LFABPliv-/- mice displaying increased values, while male LFABPliv-

/- mice displayed little or no alterations, relative to their respective control mice. Metabolic 

adaptations in response to the ablation of hepatic-LFABP were not profound in male mice, 

except for the endurance activity which was also higher in male LFABPliv-/- mice than their 

controls. The female LFABPliv-/- mice were also protected against a HFD induced decline 

in endurance activity, and in addition they were protected against the development of 

hepatic steatosis despite their obese phenotype. While there was no redistribution of FA 

to other hepatic lipid species, no change in VLDL secretion or FA oxidation, the protection 

against hepatic neutral lipids accumulation was likely due to the reduction in hepatic FA 

uptake, and the higher adiposity found in female LFABPliv-/- mice is related to the increased 

FA uptake in other tissues, i.e. adipose tissue. Collectively, these findings suggest that in 

HF fed LFABPliv-/- female mice, the LCFA are preferentially stored in adipose tissues rather 

than being taken up by the liver for storage and oxidation. This is in agreement with prior 

literature where the functions of LFABP were examined in vitro, in cultured transformed 

cells, cultured primary hepatocytes from the liver of LFABP-/- mice, and in the null mice 

themselves [182]. Interestingly, it has been found that the expression of hepatic LFABP is 

higher in female rats than male rats [323]. Thus, the gender dependent metabolic changes 

in this study could be related to a higher expression of LFABP in the liver of female mice 

more than in male mice, making the impact of hepatic-LFABP deficiency stronger in 

female than in male LFABPliv-/- mice.  
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It is worth mentioning that recently a novel FABP3 inhibitor was developed and found to 

prevent the spreading and toxicity of α-synuclein which plays a role in some of the 

neurological diseases such as Parkinson’s disease and dementia [324]. Therefore, our 

findings in these studies may have clinical implications in the future such as developing 

LFABP inhibitor that can prevent obesity associated physical inactivity and liver steatosis. 

 

In conclusion, hepatic-LFABP ablation in female mice was sufficient to induce the MHO 

phenotype of the whole body LFABP-/- mice. Conversely, in male LFABPliv-/- mice, it is 

possible that some of the phenotypic changes require either the ablation of intestine-

LFABP alone or the concurrent ablation of both liver- and intestine-LFABP. More studies 

are required to elucidate the role of LFABP in the intestine and the potential contributors 

of intestinal-LFABP to the whole-body phenotypes and to the alterations in the liver. 
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Chapter 4 

General Conclusions and Future Directions 
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The Ablation of enterocyte IFABP and LFABP induces a dramatic alteration in the 

gut microbiome composition  

Western diet, which contains high amounts of fat, has been associated with development 

of obesity and hypertriglyceridemia, which are major risk factors associated with 

cardiovascular disease and many other related comorbidities [9]. The intestine is the 

primary site where the digestion, emulsification, absorption, and secretion of lipids to other 

peripheral tissues takes place [19]. The central role that the intestine plays in the efficient 

uptake and processing of dietary lipids requires the presence of several lipid binding 

proteins in the enterocyte, notably IFABP, LFABP and other proteins, to process the large 

dietary lipid content of the Western diet.  

 

We have found previously that ablation of LFABP accompanied with HF feeding resulted 

in higher body weight and FM gain compared with the WT controls in male mice, and 

recent studies have shown the same results in females as well. These results could be 

partly attributed to the higher food intake in those mice. However, despite their obesity, 

LFABP-/- mice displayed plasma glucose, insulin, and lipid levels comparable to those of 

the WT mice [162]. Additionally, LFABP-/- mice had better stamina and exercise 

performance when compared to their WT counterparts [219]. On the other hand, ablation 

of IFABP in HF fed mice resulted in lean mice that were normoglycemic and 

normoinsulinimic despite the chronic exposure to HFD, relative to WT mice. These 

findings were partially due to the HF fed IFABP-/- mice consuming less calories than their 

WT counterparts [162]. More recently, we have shown that the IFABP-/- mice may 

malabsorb nutrients in general, including lipids. Compared to WT mice, IFABP-/- mice 

displayed a disruption in their intestinal membrane integrity, where the villi were blunted 

compared to the control mice. This was accompanied by faster intestinal transit time, and 
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an increased amount of excreted feces [222]. In LFABP-/- mice, by contrast, there was no 

effect of the genotype or HFD on the intestinal villi structure (unpublished data). 

 

Many of the phenotypic changes in the IFABP and LFABP KO mice could be related to 

alterations in the gut microbiota. It has been found that changes in the microbiome 

composition could impact the body weight, endurance activity, intestinal motility and 

integrity and other phenotypes [66,254,325]. It is well known that high saturated fat intake 

may be deleterious and that it leads to distinct microbiota composition, relative to standard 

chow [66]. The available data on HF fed animals supports the relationship between gut 

health and microbial composition, and their association with the development of obesity 

and its metabolic consequences [233].  

 

It is thought that IFABP and LFABP are involved with the efficient uptake of FA into the 

enterocyte, while also playing a role in trafficking FA into different organelles [204]. Our 

recent findings have also shown that intestinal motility in IFABP-/- mice was affected [222], 

and many studies have demonstrated a strong association between gut motility and 

microbiome composition [254,261]. Changes in intestinal motility in LFABP-/- mice were 

also observed in this study, with LFABP-/- mice having an opposite phenotype to IFABP-/- 

mice. LFABP-/- mice had a longer intestinal transit time and a reduced amount of feces 

excreted compared to the WT control mice. Furthermore, we have found previously that 

intestinal ECs levels, were affected by the ablation of IFABP or LFABP, with significantly 

higher levels observed in LFABP-/- mice mucosa, and a trend towards lower levels in 

IFABP-/- mice [162].  The associations between gut motility and ECs levels on one side 

[258,259], and gut motility and microbiome composition on the other side are well 

established [254,261]. 
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For all these reasons we hypothesized that ablation of these proteins will affect the 

intestinal availability of FA and other lipid ligands and, in turn, impact the intestinal 

microbial community and their associated production of metabolites. Therefore, our results 

strongly encouraged us to performed fecal microbiome analysis.  

 

Indeed we found dramatic changes in the bacterial community structure and abundance 

that are strongly associated with the phenotypes that were observed in both KO mice, with 

anti-obesity associated bacteria being more abundant and obesity associated bacteria 

being less in IFABP-/- mice, and obesity associated bacteria being higher in LFABP-/- mice. 

Additionally, there was a higher bacterial richness in LFABP-/- mice, as indicated by the 

highest number of bacteria ASVs among the three genotypes; this is probably due to the 

slower intestinal transit time which reduces the amount of bacteria that are secreted in the 

feces [254]. Reducing intestinal motility also suggests that there is more time available for 

the food to be exposed to the gut bacteria, and this probably helps in more efficient food 

digestion, and results in more nutrients to be extracted. This supports the role of bacterial 

composition and abundance in contributing to the body weight changes in both IFABP-/- 

and LFABP-/- mice after chronic HFD feeding. 

 

Recently, we have found that HF fed female LFABP-/- mice also gained more weight than 

their control mice (unpublished data). Notably, the Schroeder and Binas group, from where 

we derived our mice, also demonstrated that female LFABP-/- mice gained more weight 

than their WT control mice [213]. For this reason, it will be important to assess whether 

HFD fed female whole-body LFABP-/- mice also display the MHO and the intestinal motility 

phenotypes that have been observed in male LFABP-/- mice.  
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While our HF fed LFABP-/-  mice and Schroeder group HF fed LFABP-/- mice had increased 

body weight and adiposity compared to their controls [162,213], the Davidson group 

LFABP-/- mice displayed some differences in phenotype in response to chronic HF feeding; 

both the male and the female LFABP-/- mice used by the Davidson group were resistant 

to diet induced obesity [212,317]. These differences could be related to the strategies used 

in gene ablation, strain background, or it can be due to differences in gut microbiome 

structure and density [182,326]. Additionally, many of the HFD studies of the Davidson 

group used diets that were devoid of essential FAs. Here, we found robust alterations in 

the intestinal microbiome of both IFABP-/- and LFABP-/- male mice. The differences in the 

microbiome were associated significantly with the phenotypes observed in both 

genotypes. In regard to the microbiome changes that have been observed in the male 

mice, and the fact that there may be sexual dimorphic phenotypes in response to the 

ablation of liver-LFABP, it will be worth to assessing the intestinal microbial composition 

in female mice as well. 

 

In order to get more depth in understanding the influence of IFABP and LFABP ablation 

on the gut microbiome composition, future studies should involve microbial transplantation 

from each KO group of mice into germ-free mice. Additionally, the KO mice should be 

challenged with chronic antibiotic exposure. These two sets of experimental conditions 

would assist in determining whether LFABP, IFABP, or the gut microbiome acts as the 

primary influencer on whole-body energy homeostasis. 

 

The whole-body KO of IFABP or LFABP is associated with changes in the levels of 

microbial metabolites  

In this study we found that there is a dramatic increase in the metabolites that are 

produced in the colon of mice via bacterial fermentation of indigestible carbohydrates, 
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namely SCFAs [58]. Many studies have demonstrated the beneficial effects of SCFAs on 

whole-body energy homeostasis [64,276,325]. Both IFABP-/- and LFABP-/- male mice 

display a higher fecal levels of SCFAs, which are correlated with some of phenotypic 

changes that were observed in these mice, such as the lean phenotype in IFABP-/- male 

mice and the MHO phenotype in LFABP-/- male mice [162]. However, it is unknown whether 

the increased fecal output of SCFAs is due to reduced SCFAs intestinal absorption, 

increased SCFAs production, or a combination of both. IFABP-/- mice have a reduced 

intestinal transit times and increased fecal output which would likely result in a reduction 

in efficient nutrient absorption [222]. This may partly explain the observed increase in fecal 

SCFAs levels in the IFABP-/- mice. It is worth noting, however, that the IFABP-/- mice also 

had a higher density of SCFAs producing bacteria, which may also contribute to the 

observed increase in fecal SCFAs. While LFABP-/- mice have a lower abundance of 

SCFAs producing bacteria, the fecal levels of SCFAs are still significantly high when 

compared to the WT control mice. This could be also either due to less efficient absorption, 

or more likely, the longer intestinal transit time seen in these mice, leading to the 

accumulation of more SCFAs in the intestine. In order to unravel this, further studies, 

including measuring SCFAs intestinal uptake, are necessary to elucidate the extent of 

SCFAs absorption efficiency.  

 

SCFAs can stimulate the production of gut peptides such as GLP-1 by L-cells [327]. GLP-

1 is involved in the regulation of energy balance, glucose homeostasis, and appetite; it 

promotes satiety and delays gastric emptying [32,34]. Interestingly, Both IFABP-/- and 

LFABP-/- mice displayed blood glucose and insulin levels that are comparable to the WT 

control mice [162], and both displayed alterations in intestinal motility, relative to control 

mice (chapter 2). Therefore, it is possible that SCFAs are involved in these effects by 

stimulating the release of GLP-1. Preliminary results suggest higher fasting levels of 
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plasma GLP-1 in both IFABP-/- and LFABP-/- mice. However, it is good to note that although 

IFABP-/- mice have a higher GLP-1 level, however, their intestinal motility is still faster than 

the WT control mice. This could be related to the fact that IFABP-/- mice have lower 

mucosal ECs levels that might have a greater impact on intestinal motility than GLP-1 

[162], or it could be related to the shorter villi length in these mice, allowing for faster 

intestinal motility [222]. Recently we have found that there were reductions in the density 

of goblet cells in LFABP-/- mice (unpublished data) and in the density of Paneth cells and 

goblet cells in IFABP-/- mice [222]. Therefore, there might be also alterations in the density 

of L-cells or other EECs. Future studies should be directed to assess the level of GLP-1 

and other enteroendocrine hormones secondary to feeding, quantify and characterize the 

EECs that secrete these hormones and, further, assess their correlation with the gut 

microbiome and SCFAs.  

 

Disturbances in gut microbiome can lead to obesity, low grade inflammation, and higher 

plasma LPS [63]. In the gut/adipose tissue axis, it has been found that LPS, released from 

gut microbiota, has the ability to control and stimulate the ECs system and thereby 

increase gut permeability. This consequently leads to the penetration of more LPS into the 

circulation, resulting in low grade inflammation, adipose tissue expansion and obesity 

[61,260]. We have shown previously that HF fed lean IFABP-/- mice showed a trend toward 

lower small intestinal ECs levels, while the MHO LFABP-/- mice had higher mucosal ECs 

levels [162]. Further research should be directed at elucidating the interplay between host 

microbiota and the ECs system. In addition to assessing circulating LPS levels, future 

studies should focus on studying aspects of the colonic and adipose tissue ECs system 

components, such as cannabinoid receptor expression, colonic ECs concentrations, and 

their metabolic pathways in LFABP and IFABP KO mice.  
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Specific ablation of liver-LFABP results in a more dramatic MHO phenotype in 

female than in male mice 

LFABP has a concurrent expression in both the liver and the intestine. Therefore, it is 

important to study the functions of this protein in each of these tissues individually, to 

determine how LFABP ablation in the liver or in the intestine contributes to the MHO 

phenotype of LFABP-/- mice. Whole-body LFABP ablation resulted in body weight and 

body composition changes, differences in fuel utilization, and changes in the rate of lipid 

oxidation and lipid distribution [162,163,179,212]. Previously, we found that in male mice 

the whole-body ablation of LFABP together with HF feeding resulted in a MHO phenotype. 

Despite being obese, the mice remained normoglycemic, normoinsulinic, normolipidemic, 

quite active, and also had increased stamina when challenged by exercise bouts, relative 

to the WT control mice [162,219]. Additionally, others have demonstrated that LFABP-/- 

mice were protected against hepatic steatosis [64,233,261]. 

 

Here, in this study, we have shown that the liver-specific ablation of LFABP in male mice, 

upon HF feeding, does not result in an obese phenotype, and that in response to a chronic 

HF feeding, LFABPliv-/- male mice have glucose, insulin and lipids levels comparable to the 

floxed control mice. Interestingly, however, they have higher exercise capacity compared 

the LFABPfl/fl control mice; thus the males partially recapitulate characteristics of the MHO 

phenotype of the whole-body KO mice, though they themselves are not more obese than 

their WT counterparts. Female LFABPliv-/- mice seem to fully recapitulate the MHO model, 

displaying greater body weight and adiposity, but at the same time having glucose 

tolerance, fasting insulin, and fasting lipids levels comparable to the floxed control mice.  

Additionally, despite their heavier body weight, female LFABPliv-/- mice also display better 

exercise capacity than the control mice. The differential results of the body weight between 
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male and female liver-LFABP cKO mice are indicative of sexual dimorphism in response 

to HF feeding (to be discussed later). 

 

Specific alteration to the liver is associated with dramatic whole-body responses 

It is interesting that ablation of LFABP specific to the liver results in resistance to the HF 

feeding-induced decline in exercise capacity in both the non-obese male mice and most 

importantly the obese female mice, when compared to control mice.  Our previous study 

indicated that the greater endurance capacity observed in whole-body KO of LFABP in 

male mice was due to higher availability of intramuscular energy storage such as TG and 

glycogen, and the more efficient mitochondrial machinery for substrates utilization [219]. 

Unlike what was found in male LFABP-/- mice [162], and what we found here in male 

LFABPliv-/- , the ability of female LFABPliv-/- mice to retain their exercise capacity in response 

to chronic HF feeding, seems to be independent of changes in spontaneous activity.  

Therefore, it is important to also unravel the underlying causes for the better exercise 

endurance that is seen in the cKO male and female mice relative to their control mice. 

Recently, we conducted studies on intestinal specific LFABP KO male and female mice 

(LFABPint-/-). The preliminary data show similar results that were found in male and female 

LFABPliv-/- mice, with male mice having better exercise capacity but only modest changes 

in body weight and FM, and female mice being a more robust model for the MHO 

phenotype, with a greater exercise capacity relative to their floxed control mice as well as 

significantly higher body weight gain and FM (unpublished data). It is important to mention 

that all of our previous studies with the whole-body ablation of LFABP were on male mice 

[162,163,219]. Therefore, it will be important to examine the exercise phenotype in female 

whole-body LFABP-/- mice as well. 

 



142 
 

 

These changes in exercise activity and the differential response to the ablation of liver-

LFABP under HFD between male and female mice could also result from organ crosstalk, 

for example the gut/muscle axis. Recently (chapter 2), we have found that variability in gut 

microbiome composition and abundance can play a fundamental role in the phenotypic 

changes that were observed in both IFABP-/- and LFABP-/- mice. Therefore, it is also 

possible that the microbiome composition can play a role in the sexual dimorphism that is 

seen not only in liver-specific ablation of LFABP (chapter 3) but also in intestine-specific 

ablation of LFABP (unpublished data). Hence, it will be of interest to assess the 

microbiome community in both male and female tissues-specific LFABP null mice, and in 

female whole-body LFABP null mice, to determine the bacterial composition and 

abundance that may influence the phenotypes that have been observed in these 

aforementioned groups of mice. In addition to the changes in the gut microbiota the 

microbiome metabolites, specifically the SCFAs, were found to be higher in both LFABP 

and IFABP KO mice than their WT control mice. SCFAs were reported to have several 

beneficial effect such as increasing skeletal muscle glycogen and promoting FA uptake 

and oxidation [276]. These observations may be related to the higher exercise 

performance that is seen in whole-body LFABP-/- mice, and it could be the same case in 

male and female liver-specific LFABP-/- mice. Therefore, in addition to assessing 

microbiome composition, it will also be important to measure fecal and plasma SCFAs in 

male and female cKO mice.  

 

Alteration specific to the liver is associated with sexual dimorphism in lipids 

distribution 

Results in this study indicate that liver-specific ablation of LFABP in male mice does not 

affect the hepatic level of different lipid species, hepatic FA oxidation, hepatic FA uptake, 

or FA uptake by other tissues. These findings are consistent with other findings in the male 
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cKO mice in regard to the body weight, body composition, and other measured 

parameters. HF fed female LFABPliv-/- mice, despite their markedly obese phenotype which 

is usually associated with hepatic accumulation of TG and FA [318], appeared to be 

protected against hepatic steatosis. This protection was evident, as the female LFABPliv-/- 

mice had a lower liver weight/body weight ratio, and a lack of hepatic neutral lipid 

accumulation when compared to their control LFABPfl/fl mice. Different mechanisms were 

investigated to determine the underlying cause for the protection against hepatic steatosis. 

No distribution of FA into other hepatic lipid species, no increase in FA oxidation and no 

alteration in hepatic VLDL secretion were observed. Assessing FA uptake in different 

tissues, however, revealed a significant reduction in hepatic FA uptake, and a trend 

towards a higher FA uptake by the adipose tissue. This suggests that the redistribution of 

FA into tissues other than the liver, such as adipose tissue, is probably the cause of both 

the protection against hepatic steatosis and the increased adiposity observed in female 

LFABPliv-/- mice. These results are in accordance with other studies, supporting the role of 

LFABP in enhancing FA uptake and facilitating intracellular transport and trafficking 

[179,189].  

 

Additionally, here we showed that liver-specific ablation of LFABP in both male and female 

cKO mice results in the alteration of the expression of several genes involved in hepatic 

lipid metabolism, without affecting hepatic lipid levels. Intestine-specific ablation of LFABP 

also resulted in alterations of hepatic expression of genes involved in lipid metabolism 

(unpublished data), supporting the idea of organ crosstalk between the intestine and the 

liver. In order to confirm this interaction, it is also necessary to measure intestinal 

expression of genes that are involved in lipid metabolism in liver- and intestine-LFABP null 

mice. Furthermore, protein abundance and activity should be measured to get more depth 
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in assessing how alteration in the liver or in the intestine can influence the pathways 

involved in lipid metabolism.  

 

As mentioned previously, LFABP is expressed in both the liver and the intestine of mice. 

LFABPliv-/- mice still have the LFABP expressed in the intestine. Therefore, we tested 

whether ablation of LFABP from the liver affects intestinal lipid metabolism. No changes 

were found in intestinal FA uptake, mucosal lipids levels, or in TG-rich chylomicron levels 

in male LFABPliv-/- mice. However, in female cKO mice there was a reduction in intestinal 

FA uptake. There was also accumulation of intestinal TG at the expense of PL, though 

this did not affect chylomicron secretion. However, it is possible that the chylomicron 

composition or size may be altered. Hence, future analysis of chylomicrons composition 

may reveal changes in the intestine caused by liver-specific ablation of LFABP. In order 

to unravel the cause of this reduction in intestinal FA uptake and the changes seen in FA 

distribution between lipid species in female LFABPliv-/- mice, gene expression and protein 

abundance of different intestinal membrane and intracellular FA uptake/transporters, need 

to be assessed. 

 

Overall, it is obvious that the liver-specific ablation of LFABP can affect whole-body 

homeostasis. Furthermore, sexual dimorphism has been observed between male and 

female LFABPliv-/- in response to chronic HFD feeding, suggesting that sex hormones play 

an important role as well. It has been found that LFABP expression is influenced by steroid 

hormone regulation, with its concentration being higher in female compared to male 

rodents [160]. When castrated male rats were treated with estradiol, hepatic LFABP levels 

were restored to levels comparable to that in female rats. Conversely, treating 

ovariectomized female rats with testosterone resulted in hepatic LFABP levels that are 

comparable to male rats. This suggests that LFABP expression is affected by steroid 
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hormones [160]. This higher expression in female livers enhances the rate of hepatic 

transport of FA through the cytoplasm and hence their utilization [160,328]. Perhaps that 

is why female mice in this study were more affected by liver specific ablation of LFABP 

relative to their male counterparts. Thus generating ovariectomized female mice or 

castrated male mice, together with using sex hormones, may help to elucidate the 

underlying causes of the sexual dimorphism in the phenotypes that were noted between 

male and female cKO mice. 
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