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Association of I-FABP expression in the gut with various metabolic changes induced by high-fat diet in Wistar rats Abstract

Background: The epithelial lining of the gut expresses

the intestinal fatty-acid binding proteins (| 22

-FABPs) which increase in circulation and in plasma concentration during an intestinal damage. From the perspective of
obesity, the consumption of a diet rich in fat causes a disruption in the integrity of the gut barrier and an increase in its
permeability. Hypothesis: There is an association between the expression of I-FABP in the gut with various metabolic

changes induced by a high-fat (HF) diet. Methods: Wistar Albino rats (n=90) were
divided into three groups (n =30 pergroup )viz.one control

and two HF-diet groups (15 and 30%, respectively), maintained for 6 weeks. Results: It was revealed that HF-diet fed rats
developed adiposity, insulin resistance, leptin resistance, dyslipidemia, and increased expression of I-FABP in the small

intestine as

compared to the control group . Increased |-FABP expression in the 17

ileal region of the intestine is correlated significantly with higher fat contents in the diet, indicating that higher I-FABP
expression occurs due to increased demand of enterocytes to transport lipids leading to metabolic alterations. Conclusion:
In a nutshell, there is an association between the expression of I-FABP and the HF- diet-induced metabolic alterations,

indicating that I-FABP can

beusedasa biomarker for intestinal barrier dysfunction
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Leptin Resistance. Introduction A well-balanced diet contains nutrients which are necessary for survival and maintenance of
life. An association between changes in energy homeostasis and alterations in persistent food intake has been well
elaborated earlier [1]. Dietary imbalances, such as those related to a high-fat (HF) diet, are linked to the epidemics of
metabolic syndrome; hyperglycemia, obesity, hypertension, and dyslipidemia [2-4]. Obesity is pathologically evident as a
result of an imbalance between the intake and expenditure of energy. Various dietary regimens, especially a HF-diet, have
been used as common tools for inducing obesity [5]. Dietary lipids are transported to the whole body via the blood after
absorption through enterocytes. These lipids are, in fact, a diverse group of hydrophobic molecules, such as phospholipids,
cholesterol, fatty acids (FAs), triglycerides (TGs), fat-soluble vitamins and ceramides [6]. The pancreatic enzymes are
specifically responsible for the hydrolysis of these dietary lipids, such as the conversion of TGs, into monoglycerides and
FAs. In the small intestine, the fat absorption takes place in the epithelial cells of enterocytes whereas, the transport of FAs
takes place through cytosolic FABP [7]- an intracellular protein expressed in various metabolically active organs (muscle,

heart, brain, intestine and liver), which, in turn, has a vital

roleinthe transportation and metabolism of long-chain FAs[8]. The fatty 19

-acid-binding proteins (FABPs) are expressed in high concentrations in different organs which are actively engaged in fat

metabolism. Up till now, about nine coding genes for FABPs have been identified in humans namely heart (H-FABP),

liver (L-FABP), intestine (I-FABP ), epidermal (E- FABP), adipocyte (A-FABP ), brain (B- FABP ), |E|
myelin (M-FABP), ileal (II-FABP), and testes (- FABP ). Amongthese, the

I-FABPs (I-FABP and FABP2) exist abundantly and specifically in the epithelium of small intestinal within their villi, but not in
intestinal crypts [6]. These I-FABPs can be used as a biomarker for specific organ tissue damage, because |- FABP is a
soluble and stable molecule at room temperature, and its concentration in serum and urine increases as a result of
intestinal damage, even at the early stage [9, 10]. The use of I- FABPs as a biomarker of intestinal damage has extensively
been studied using Enzyme Linked Immunosorbent Assay (ELISA) in cattle, humans, and pigs. However, the mechanism
regarding the regulation of subcellular localization of FABPs and the potential actions of I-FABPs are poorly understood. The
present study is therefore, being designed with the objective to ascertain an association between the expressions of I-FABP

in the gut with various metabolic changes
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induced by a high-fat (HF) diet and to 21

assess the appropriateness
of I-FABP as a possible biomarker of intestinal inflammation and damage. Materials and

methods Animals and Diet Wistar albino rats (n=90) of six-weeks of age were used for the current study. Rats were
acclimated for one week, during which rats were fed a normal basal diet, provided with ad libitum drinking water and were

kept on a light-dark cycle of 12:12 hours. Post
adaptation period ,all rats were divided into three groups

, with 30 rats in each group. Group one served as a control and received a normal basal diet only. The second and third
groups were fed with 15% and 30% of fat added in addition to the normal basal diet (fat in the normal basal diet + 15% and
30% margarine), respectively. The composition of the normal basal diet and HF-diets are given below: Composition of diets
supplemented to study rats Nutrients Metabolizable Energy 3000 KCal/Kg %age Dry Matter. 88.8 Crude Protein Crude Fiber
Crude Fat Phosphorous Calcium 23 4.12 4.19 0.33 0.90 Dig. Methionine Dig. Arginine Dig. Valine Dig. Lysine Dig. Tryptophan
Dig. Threonine Dig. Isoleucine 0.45 1.09 0.79 1.10 0.20 0.78 0.79 HF-diet for group 2 HF-diet for group 3 Normal basal diet +

15% Margarine Normal basal diet + 30% Margarine

At the end of the trial, the study rats were anesthetized 16

with a combination of medetomidine and ketamine (1 and 50mg/kg, respectively) maintained with isoflurane. Animals were
sacrificed and blood samples were attained in serum-collection vacutainers. Serum was extracted through centrifugation
and analyzed for various biochemical tests. Most often IBD affects a portion of the small intestine just before the large
intestine; i.e. ileum. It also affects the colorectal region of the large intestine. So, the tissue samples from these regions of
the intestine (ileum and colorectal regions) were collected to perform fat staining and immunohistochemistry (n=6 rats per
group). Physical parameters Weekly feed intake, defecation rate, and fecal pellet pH were monitored for each group. To
measure the fecal defecation rate for each group, a daily recording of the fecal pellet number was done and then the weekly
fecal defecation rate was calculated for each group from the collected data. Body Weight and organs to body weight ratio
The body weight for all animals was recorded for each group during the entire experimental period. The body weight ratios

of the pancreas, intestine, and abdominal fat were estimated using the formula given below: Organ to body weight ratio =
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Organ weight in grams X 100 Body weight in grams Biochemical analyses Serum samples were analyzed for measuring

serum glucose, insulin, leptin, amylin, glucokinase,

total cholesterol (TC), TGs, low-density lipoproteins (LDLs ) and high-density lipoproteins (HDLs 11

) through relative commercial kits as given below: Serum Glucose: Bioclin® Glucose Monoreagent diagnostic kit, Berlin,
Germany; detection limit range: 2-500 mg/dL; CV% < 3.1 Serum Insulin: Calbiotech Insulin ELISA®, CA, USA,; detection limit
range: 0.78-50 plU/mL; CV% < 10. Serum Leptin: Rat-LEP ELISA kit, E-EL-R0582, Thermo Ficher, Germany; detection limit
range: 0.16~10 ng/mL; CV% < 10. Serum Amylin: Rat-

Islet Amyloid Polypeptide ELISA kit, E-EL-R2448

, Thermo Ficher, Germany; detection limit range: 62.50-4000 pg/m; CV% < 10. Serum glucokinase:

Rat-GCK (glucokinase) ELISA kit, E-EL-R0426 20

, Thermo Ficher, Germany; detection limit range: 0.63-40 ng/mL; CV% < 10. Serum Total Cholesterol: Dia-Sys Diagnostic
Systems USA, detection limit range 3 - 750 mg/dL; CV% < 10. Serum Triglycerides: Dia-Sys Diagnostic Systems USA,
detection limit rang: 1000 mg/d; CV% < 10. High-density and low-density lipoproteins: Randox, Randox Laboratories LTD, UK:
detection limit range 20 to 129 mg/d; CV% < 10. The serum low-density lipoproteins (LDLs) concentration was measured by
using the formula: LDL (mg/dl) = TC - (TG - HDL) 5 Fat Staining After slaughter as per recommended protocol, tissue
samples of the ileal and colorectal region were collected and fat staining (Through Sudan-black stain) was performed to
stain the granules of fat which are accumulated in the enterocytes. The acidic groups of compound lipids containing
phospholipids combine with Sudan black satin because of the slightly basic nature of the dye. Immunohistochemistry
Immunohistochemistry was performed to find expression of I-FABPs both in the gut (ileum and colorectal regions). For this
purpose, 5 um sections of the intestine were fixed in formalin, embedded in paraffin and then these intestinal sections were

mounted on slides. The sections were deparaffinized, hydrated, and washed with phosphate buffer saline (PBS) having
pH7.4 ,andthen to block non-specific binding sites ,these sections were incubated with |E|

UltraCruz® Blocking Reagent (sc-516214) for blocking. Following this, the primary antibody was incubated overnight with
mice anti-I-FABPs antibody: sc-374482, Santa Cruz Biotechnology, USA and then diluted with blocking reagent (1:200) at a

temperature of 4°C. Prepared slides were then washed and incubated after adding a secondary antibody:
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IgGk BP-HRP anti-mouse antibody, sc-516102, Santa Cruz Biotechnology 12

, Santa Cruz, USA, diluted with a blocking reagent (1:200) for a period of two hours. The visualization of the
immunohistochemical reaction was done by using the substrate, 3, 3-di-amino-benzidine tetra-hydro-chloride (DAB): sc-
24982, Santa Cruz Biotechnology, and Immuno-Cruz® ABC kit, sc-516216. Dehydration was finally done in a graded series of

alcohol and xylene. The tissue sections

were mounted with Ultra-Cruz™ mounting medium, sc-24941, Santa Cruz Biotechnology 10

and cover-slipped.

Statistical analysis Obtained results were then subjectedto a two-way analysis of variance
(ANOVA ), considering both  the effectof days and

HF-diet treatment,

followed by Duncan’'s multiple range (DMR) test and results 15

were shown as a mean + SE. Graph-Pad prism and Co-Stat softwares were used for statistical analysis. Results Comparable
results were observed between the different dietary fat groups of Wistar Albino rats. The mean value for the control group
was kept as a reference to compare the results of the other two groups. Physical parameters Feed intake (Fig. 1a) was
affected significantly (P<0.05) by HF-diet. The difference between the two HF-diet-fed groups was also statistically
significant. The control group had the highest feed intake value, followed by the group fed with 15% HF-diet and then the
30% HF-diet-fed group respectively. Statistical analysis demonstrated that the effect of HF-diet on the defecation rate (Fig.
1b) was also significant (P<0.05). The difference between the two high-fat diet fed groups was also statistically significant.
The control group had the highest defecation rate, followed by that in 15% and then 30% HF-diet-fed groups. A non-
significant difference was observed with regard to fecal pellet pH between the three studied groups (Fig. 1c). Body Weight
and organ to body weight ratio After six weeks of HF-diet, weight gain was increased in the Wistar rats in both HF-diet-fed
groups (Fig. 2a). While weight gain was greater in the experimental groups fed 30% fat as compared to the 15% HF-diet-fed
group, this increase was non-significant. Rats in the 15% and 30% HF-diet groups exhibited a significantly higher (P < 0.05)
intestine (Fig. 2b), pancreas (Fig.2c), and abdominal fat (fig.2d) weight and body-weight ratio compared to the control group.

Biochemical analyses Serum biochemical analyses showed that mean concentrations of serum glucose as shown in Fig. 3a,
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insulin as shown in Fig. 3b, leptin (Fig. 3c), and GCK (Fig. 3e) were significantly higher (P < 0.05) in HF-diet fed group than
that of the control group. Amylin level in serum (Fig. 3d) was significantly higher only in the 30% HF-diet-fed group. Serum
lipid profile The mean values of total cholesterol (Fig. 4a), TGs (Fig. 4b), and LDL-cholesterol (Fig. 4d) were significantly
higher in the groups fed with HF-diet than that in the control group. Serum HDL (Fig. 4c) was not different significantly
amongst the studied groups. Fat Staining Photomicrographs of the intestinal tissue sections after fat staining (Sudan-Black)
are shown in Figure 5. Animals from the 30% HF-diet-fed group had more fat accumulation in their intestines than those fed
with a 15% HF-diet (Fig. 5), indicating increased fat accumulation in a dose- dependent manner. Immunohistochemistry of I-
FABPs 8 Results showed significant differences in I-FABPs expression in the rat gut, between studied intestinal regions
(Figure 6). The localization of I-FABPs was evident in the ileum in all layers of the intestinal wall, whereas, expression of |-
FABPs in the colorectal region has been seen at the tip of the villus of the enterocytes only. Moreover, higher I-FABPs
expression in the ileum of rats was present in HF-diet-fed groups in comparison to the control group (Fig. 6). These
alterations in the I-FABPs expression were more distinct in the ileum region of rats, in all groups as compared to colorectal
(Figure 6 B, B', B"). Discussion Intake of a HF-diet is a crucial contributing factor in the development of metabolic disorders
[11]. Various studies have provided evidence regarding the association of HF consumption with the development of
metabolic changes, such as hyperinsulinemia, hypertriglyceridemia, hyperglycemia, etc [12, 13,]. Consistent with previous
reports, the current study presented that HF-diet-fed rats developed adiposity, elevated glucose, insulin resistance, leptin
resistance, dyslipidemia and increased expression of I-FABP in the small intestine. Chronic elevations in serum glucose
levels have been associated with increased loss of enterocytes, as assumed by elevated levels of I-FABP [14]. Increased loss
of enterocytes in hyperglycemia is speculated to contribute to impaired gut integrity (disruption and destruction of the

intestinal mucosal surface [4]), promoting inflammation [15].
I-FABP has emerged as a potential biomarker of gut barrier dysfunction

in various gut-related diseases [16]. Any damage to gastrointestinal membranes may lead to a release of I-FABP into the
blood, resulting in increased serum I-FABP concentration. Increased concentrations of plasma I- FABP indicate gut epithelial

cell damage, while
basal I-FABP levels might reflectthe enterocyte 9 physiological turnover rate

[17]. However, data regarding gut barrier dysfunction and I-FABP in the case of metabolic diseases associated with HF-diet
is limited. In this study, higher I-FABPs expression in the ileum of HF-diet-fed rats was found, indicating increased I-FABPs
expression resulting from increased demand of enterocytes for lipid transport. This suggests that gut barrier dysfunction is
associated with the ensuing metabolic changes. Elevated adipose mass (obesity) is associated with an increased

concentration of leptin. Leptin is a hormone secreted by adipocytes and plays a very pronounced role in promoting energy
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expenditure and reducing appetite. A study [5] has revealed leptin insensitivity development (high leptin level fails to

normalize body weight) [18] in rats after 8 weeks of HF-diet feeding. Consistent with these results, it has also been observed

in the current study that significantly increased serum concentrations of 18

leptin were associated with an elevated fat mass in rats after consumption of the HF-diet. Previous studies have reported
that dietary fat intake, both from plant (margarine) and animal origins has resulted in considerable increases in serum total
cholesterol (TC), LDL and TG. On the other hand, a decline in HDL concentration was found to be correlated with dietary
butter and margarine intake [19], supporting the findings of the current study. Podrini et al. [20] also observed that HF-diet
intake resulted in increased plasma TC and LDL-cholesterol concentrations. Similar results have also been observed with a
HF-diet and increased serum TC, TG, free fatty acids (FFAs), and LDL levels [21]. The current study also revealed a significant
effect on serum GCK level, consistent with [21] and indicating that hepatic glucokinase is rapidly upregulated in response to
a HF-diet intake (one week), contributing to the alteration in whole-body metabolism. Endogenous GCK upregulation caused
by a HF-diet tends to contribute to developing obesity by modulating the adaptive thermogenesis [22, 23]. An association
between amylin and obesity has also been observed, suggesting high serum amylin levels due to HF intake. Another study
[24] has also suggested that obesity can increases the secretion of hormones responsible for controlling food intake and

body weight such as pancreatic amylin and insulin (in obese humans and rodents). Statement of novelty I-FABPs have
emerged as a potential biomarker of gut barrier dysfunction

in numerous diseases related to the gut. However, this is the first time that the association of I-FABPs expression in the gut
with various metabolic changes induced by HF-diet was studied. Strength of study After a thorough literature review, it was
found that this is the first report regarding the expression of I-FABPs in the small and large intestines of rats, as shown
through immunohistochemistry, to determine its association with metabolic changes as a result of HF-diet. Limitation of
study The interaction of the expression of I-FABP with metabolic changes needs further study with respect to the molecular
mechanisms involved. Conclusion In conclusion, the results of this research demonstrate that Wistar rats show
progressively elevated adiposity, hyperinsulinemia, hyperleptinemia, dyslipidemia, and increased expression of I-FABP in the
gut (ileum) epithelium when challenged with a HF-diet. These findings indicate that there exists a correlation between
metabolic alterations and high expression of I-FABPs in the intestine, suggesting that I-FABPs could be useful as a
diagnostic biomarker for intestinal barrier dysfunction. However, there is a need to conduct further research studies to
reveal the molecular 11 mechanisms of metabolic disease development in association with I-FABPs and to discover other

potential biomarkers for intestinal barrier dysfunction.
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Grammar/syntax correction in the article. Figure Legends Fig. 1: (a) Trendline for feed intake (Mean t SE, g), (b) defecation

rate (Mean t SE), and (c) fecal pellet pH (Mean * SE) in the 15% and 30% HF-diet-fed

groups in comparisonto the control group at different days. Fig.2 :(a) Trendline for body
weight

(Mean z SE, g), (b) mean organ body weight ratio of the intestine, (c) pancreas, and (d) abdominal fat in the 15% HF-diet

and30 % HF- diet-fed groups comparedto the control group

. Fig. 3: (a) Mean

serum glucose concentration (  mg/dl), (b) serum insulin levels (uIU/ ml ),(c) serum 14

leptin levels (ng/ml), (d) serum amylin levels (pg/ml + SE), and (e) serum GCK levels (Mean = SE, ng/ml) in the

15% and 30 % HF- diet-fed groups comparedto the control group

. Fig. 4: (a) Mean serum

total cholesterol, (b) triglycerides, (c) HDL, and (d) LDL levels (mg/dl) in the15% and 13

30 %HF- diet-fed groups compared to the control group

. Fig. 5: Photomicrographs of fat staining of the small intestine (ileum) of Wistar rats from the control group, 15% HF-diet
group and 30% HF-diet-fed group (Sudan-Black staining; 10X); n=6 rats per group Fig. 6: Photomicrographs indicating
localization of I-FABPs through immunohistochemistry in the small (ileum) and large intestine (colorectal area) of Wistar
rats from the control group, 15% HF-diet group and 30% HF-diet-fed group (immunostaining; 10X). n=6 rats per group 12 3 4
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