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Abstract

Background—Following massive small bowel resection (SBR), a postoperative diet that is high

in fat is associated with enhanced villus growth. The purpose of this study was to further elucidate

the quantity and composition of enteral fat in structural and metabolic changes after SBR.

Methods—C57/Bl6 mice underwent a 50% proximal SBR. Mice were then randomized to

receive a low fat diet (LFD- 12% kcal fat), medium fat diet (MFD-44% kcal fat), or high fat diet

(HFD-71% kcal fat) ad lib. In a separate experiment, mice underwent 50% proximal SBR and then

randomized to liquid diets of 42% kcal of fat in which the fat was composed of menhaden oil,

milk fat, or olive oil. After 2 weeks, mice underwent body composition analysis and the small

intestine harvested.

Results—Mice that ingested the greatest amount of enteral fat (HFD) had the highest percent

lean mass. When the effects of the different kinds of enteral fat were analyzed, mice that

consumed menhaden oil had the greatest percent lean mass with the greatest overall retention of

preoperative weight.

Conclusions—These findings suggest that enteral fat enriched in omega-3 fatty acids may offer

significant metabolic advantages for patients with short gut syndrome.
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Introduction

After massive small bowel resection (SBR), patients generally experience a significant

weight loss with depletion of fat stores and muscle protein. This effect is due to intestinal
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loss and subsequent malabsorption but is also secondary to the enhanced metabolic demands

resulting from the stress of surgery as well as wound healing. The goal of optimizing

postoperative nutrition is to provide sufficient calories to meet these demands and prevent

catabolic loss of lean body mass.

The role of diets that are high in fat in the postoperative period have been evaluated in both

animal and human models. Enteral fat after small bowel resection (SBR) is associated with

augmented villus growth.1-3 Additionally, we have found that a high fat diet may be

beneficial in the retention of lean mass.4 However, the mechanism for high fat induced

intestinal adaptation remains unknown. While it has been suggested that a low fat diet is

detrimental to adaptation5, 6, it is unknown how much fat is needed to generate an

augmented adaptation response. Additionally, it is unknown what kind of fat produces the

optimal response after resection. While clinical studies have deemed polyunsaturated

omega-3 fatty acids to be an essential component of immunonutrition7-9, there have been

animal studies that have shown post surgical benefits to other types of fat including

monounsaturated and saturated long chain fatty acids. 1, 4 The purpose of this study

therefore was to elucidate the role for enteral fat in the structural and metabolic changes

after SBR.

Methods

Animals

Male C57BL/6 mice were acquired from Jackson Laboratories (Bar Harbor, ME) and were

kept on a 12-h light-dark schedule and operated on at aged 7-9 weeks. Protocols for this

study were approved by the Washington University Animal Studies Committee (Protocol

20100103 and 20130308) and were in accordance with the National Institute of Health

laboratory animal care and use guidelines.

Experimental Design and Diets

In the first set of experiments, all mice underwent a 50% proximal SBR. On postoperative

day (POD) 1, mice were randomized into 3 separate diet groups: low fat diet (LFD- 12%

kcal fat; n = 9), medium fat diet (MFD-44% kcal fat; n = 9), or high fat diet (HFD-71% kcal

fat; n = 10) (Dyets Inc., Bethlahem, PA; Table 1). Despite varied percent of fat calories, all

diets were isocaloric. The fat content of these diets included increasing amounts of olive oil

(monounsaturated long chain fatty acids) and corn oil (omega-6 polyunsaturated fatty acids).

In the second set of experiments, mice similarly underwent SBR and then randomized into 3

diet groups: menhaden oil (n = 7), olive oil (n = 9), and milk fat (n = 7)(Dyets Inc.,

Bethlahem, PA; Table 1). These diets are all isocaloric with equal amounts of fat calories

(42% kcal fat) but with different contents of fat representing polyunsaturated long chain

fatty acids (primarily omega-3), monounsaturated long chain fatty acids, and saturated long

chain fatty acids, respectively.

All mice were fed with their respective diets ad lib until POD 7, in which all mice were

transferred to individual metabolic cages with wire inserts that permitted collection of

wasted food and feces. The quantity of food ingested and feces excreted were measured
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everyday until harvest. Mice were also weighed daily from POD 7 to POD 14. On POD 14,

mice underwent body composition analysis and the small intestine was harvested. Isolation

of enterocytes from the bowel wall involved calcium chelation and mechanical dissociation

as previously described.10

Operation

Mice underwent 50% proximal SBR as we have previously illustrated.11 Briefly, mice that

underwent SBR had transection of the bowel at a point 12-cm proximal to the ileal-cecal

junction and also at a point 1 to 2-cm distal to the ligament of Treitz. The mesentery was

ligated, and the intervening bowel was removed. Intestinal continuity was restored with an

end-to-end single-layer, interrupted anastomosis using 9-0 monofilament suture. After the

operation, mice were provided free access to water for the first 24 hours after surgery.

Body Composition Analysis

Mice underwent body composition analysis on POD14. Measurements were taken on awake

mice with magnetic resonance imaging (MRI; EchoMRI 3-1, Echo Medical Systems)

following manufacture’s instruction. The EchoMRI system creates a magnetic field around

the animal and then creates contrast between tissues by releasing radio pulses, which then

cause hydrogen protons to spin. The high contrast between fat and lean muscle tissue is

enhanced by specific radio pulse frequencies. When the pulse is stopped, the protons then

emit energy, which are then received and analyzed.

Histology

A 2-cm segment of tissue was removed from the distal portion of the resected bowel and

fixed for histology in formalin during the time of operation. During harvest, a 2-cm segment

was removed 12-cm proximal to the terminal ileum, adjacent to the anastomosis, and fixed

in formalin.

To assess for structural adaptation, villus height and crypt depth were measured via H&E-

stained histology. At least 20 well-oriented crypts and villi were counted per slide. Crypts

were counted only if the crypt-villus junctions on both sides of the crypt were intact and if

Paneth cells were present at the base of the crypt. Villi were counted only if the central

lymphatic channel extended from the villus base to the tip and if the mucosal surface was in

continuity with an intact crypt.

Real Time PCR

RNA was prepared as previously described10, from crypt and villus enterocytes and

homogenized in lysis buffer (RNAqueous kit, Ambion, Austin, TX), the RNA was extracted

according to kit instructions and stored at −80°C. Total RNA concentration was determined

using a NanoDrop Spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington,

DE). CD36, ApoB, MTTP, DGAT, GLUT2, and SGLT1 primers were obtained from Life

Technologies (Carlsbad, CA). β-Actin was used as the endogenous control (Applied

Biosystems, Foster City, CA), and whole bowel was used as a calibrator. Real Time PCR

reagents were from Applied Biosystems (Foster City, CA), and an Applied Biosystems 7500

Fast Real-Time PCR system was used (Foster City, CA).
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Statistics

For most experiments, means were calculated and compared using a Student’s t-test. For

comparison of weight gain over time, ANCOVA was performed (statistiXL 1.10, Nedlands,

Western Australia). Values in the text are means ± SEM. Differences were considered

significant at p≤0.05.

Results

HFD mice have the greatest postoperative lean mass

All mice experienced some degree of weight lost after surgery followed by gradual weight

gain (Figure 1). LFD mice gained the most weight, followed by HFD mice although there

were no differences between groups by POD14. MFD gained the least amount of weight and

did not regain their preoperative weight by time of harvest.

The HFD group, despite consuming the most fat, had the highest percent lean mass (Figure

2) with the lowest percent body fat (data not shown). Conversely, LFD mice had the lowest

percent lean mass and highest percent body fat despite consuming the least amount of fat.

Caloric Intake and Feces Output

To ensure that there were no differences in food intake or feces output, all mice were

individually caged with underlying wire platforms to accurately measure daily food

consumption and feces excretion. As shown in Figure 3, there were no differences in food

intake between LFD and MFD groups. However, HFD mice consumed fewer calories than

both LFD and MFD mice. This may be due to the satiety effect of such a fat-dense diet.

However, this difference did not negatively impact their weight gain or body composition.

There were also no differences in fecal output (data not shown).

All mice demonstrated adaptation

Despite having the greatest weight loss and slowest overall weight gain, MFD mice showed

the greatest increase in structural adaptation as determined by the greatest degree of villus

growth (Figure 4). LFD mice demonstrated normal adaptive growth despite decreased fat

content. Additionally, higher fat content did not lead to increased villus height but

demonstrated a similar degree of growth as LFD mice.

Fat and Carbohydrate Transporters

RNA was isolated from ileal villus enterocytes and used for RT-PCR of fat and

carbohydrate transporters. There were no statistically significant differences in relative gene

expression of the diglyceride acyltransferase (DGAT) and apolipoprotein B (ApoB) (Figure

5A). Mice fed MFD had a slight increase in microsomal triglyceride transporter protein

(MTTP) expression but had a 7-fold and 3-fold increase in CD36 expression compared to

LFD and HFD, respectively.

Consistent with greater enteral carbohydrate consumption, the LFD group had the greatest

relative gene expression of carbohydrate transporters Glucose Transporter 2 (GLUT2) and

Sodium Glucose Linked Transporter (SGLT1), with nearly a 2-to-3–fold increase in GLUT2
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as well as a 2– fold increase in SGLT1 over MFD and HFD, respectively (Figure 5B).

Additionally, the MFD group produced nearly a 2-fold increase in GLUT2 gene expression

but had no difference in SGLT1 expression compared to HFD.

Menhaden oil is associated with optimal body composition

Mice who consumed menhaden oil group had greatest overall retention of preoperative

weight, while the olive oil group had significant weight loss (Figure 6). In addition to having

the greatest weight retention, the menhaden oil group also had the greatest percent lean

mass(Figure 7) and lowest percent body fat (data not shown) compared to the saturated milk

fat diet group.

Mice consumed more calories and excreted more feces in the milk fat group than those who

were fed menhaden oil, but no statistically significant difference was found when compared

to the olive oil group (Figure 8). However, the milk fat group had inferior postoperative

weights compared to mice that were fed menhaden oil, and so this difference may not be

clinically significant.

All mice demonstrated signs of adaptation with increased villus height after surgery with

increases ranging from 54.0 to 82.7% compared to preoperative measurements (data not

shown). There were no consistent statistically significant differences in villus height

between groups. RT-PCR of ileal villus enterocytes for fat transporters revealed a modest

increase in MTTP mRNA expression but no statistically significant difference in ApoB

(Figure 9). However, there was a 50-fold and 6-fold increase in CD36 expression in the

menhaden oil group when compared to that of olive oil and milk fat, respectively. Milk fat

mice also experienced a 9-fold increase in CD36 expression compared to olive oil mice.

Discussion

We have found that an increased concentration of enteral fat (HFD) optimally prevented

postoperative catabolic responses and increased lean mass after resection. In contrast, a high

carbohydrate/low fat diet (LFD) resulted in the greatest proportion of body fat with the

highest degree of carbohydrate transporter mRNA expression. Regardless of the diet, all

mice experienced structural adaptation after SBR. Of the different types of fats, menhaden

oil (polyunsaturated LCFA) produced the greatest percent lean mass with the least amount

of weight loss after surgery as well as increased MTTP and CD36 expression.

High fat diets have been associated with increased structural adaptation after SBR,1-4

however, the amount of fat necessary to illicit this response had not previously been

determined. Additionally, it was unknown if more enteral fat resulted in a greater response

as in a dose-dependent pattern. We found that MFD led to significantly greater increases in

villus height than HFD and LFD groups, who showed similar degrees of villus growth. This

would suggest that although increased enteral fat of 44% kcal enhances adaptation, extreme

levels of fat up to 71% kcal fat do not provide any further stimulation beyond adaptive

growth. A previous study has found that rats given a low fat diet with 3% kcal/fat after SBR

were found to have decreased body weight, mucosal weight, and attenuated villus height/

proliferation/apoptosis in the ileum when compared to normal chow.5, 6 However, our
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results reveal that at least 10% kcal fat as in LFD is adequate to demonstrate adaptive

changes.

Different compositions of high fat diets have been studied although often not in the same

study. Menhaden oil, milk fat, and lard (a combination of saturated and monounsaturated

LCFA) have all demonstrated augmented adaptation after SBR.1-4 Another study

investigated two different kinds of polyunsaturated fatty acids, safflower oil or arachidonic

acid/docosahexanoic acid (AA/DHA) (high in omega-3), and found that the AA/DHA diet

had superior adaptive changes after SBR.3 When we investigated the effects of menhaden

oil, milk fat, and olive oil simultaneous, all three kinds of fat were indistinguishable with

regard to structural adaptation.

We also sought to investigate the metabolic changes that occur in response to resection.

When different levels of fat were analyzed, we found that although the MFD group had the

greatest increase in villus height, it did not have any greater increase in lean mass or weight

gain compared to the other groups. Similarly, mice that consumed menhaden oil had the

highest percent lean mass and greatest weight retention without having enhanced structural

growth compared to the olive oil or milk fat groups. Thus, we found no correlation with

between villus growth and retention of lean mass, as enhanced villus height after resection

did not lead to increased percent lean mass. Similarly, there was also no association with

increased villus height and increased postoperative weight gain. Thus, other factors affect

metabolism besides villus height.

It is somewhat counterintuitive that mice consuming a HFD had the highest lean mass while

mice that consumed a LFD had the greatest composition of body fat. Our HFD is similar to a

ketogenic diet as it contains high fat with low carbohydrates. A previous study on

nonoperated mice found that a ketogenic diet (79% fat, 0.76% carbohydrate) resulted in a

decreased weight gain with reduced fat and lean mass compared to mice given a “high fat”

diet (24% fat, 41% carbohydrates), despite consuming an equal amounts of calories.12

Having high levels of fat provides an alternative energy source (one that is also greater in

energy density) than protein. Additionally, a ketogenic diet enables fat catabolism while

sparing protein. It is possible that during the stress phase of surgery, fat may be used to drive

carbohydrate production. In contrast, excess carbohydrates promote fatty acid synthesis,

which may explain our results that mice with the greatest carbohydrate component (LFD)

had the greatest weight gain as well as the greatest percent body fat. While it could be

argued that perhaps enteral fat promotes protein absorption, the amount of protein in each

diet was the same.

Menhaden oil is considered a good source of omega-3 fatty acids, eicosapentaenoic acid

(EPA) and docosahexanoic acid (DHA). Omega-3 fatty acids are precursors for the synthesis

of anti-inflammatory prostaglandins as well as important structural cellular component.

There are multiple health benefits with omega-3 fatty acids, particularly with improved

cardiovascular profiles. EPA and DHA have also been show to have protective effects on the

intestine after ischemia-reperfusion injury.13 Omega-3 fatty acids have been found to be

beneficial in terms of adaptation after SBR in animal models2, 3 and have been shown to

decrease postoperative infections, wound complications, and length of stay in surgical
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patients.7-9 EPA has been shown to increase lean body mass in patients with head and neck

cancer after surgery as well as in patients after esophageal cancer surgery.14, 15 It was

theorized that antiinflammatory properties of EPA negate the proinflammatory cytokines

that result in cachexia associated with cancer. Although our study did not measure

cytokines, it is possible that the omega-3 fatty acids of menhaden oil may preserve lean

body through the inhibition of proinflammatory cytokines.

The results from the examination of carbohydrate transporters were unsurprising as the

mRNA expression of SGLT1 and GLUT2 significantly increased with the highest

carbohydrate diet. SLGT1 is a sodium glucose cotransporter that mediates uptake of glucose

across the brush border membrane while GLUT2 is a basolateral and apical transporter.

Both SGLT1 and GLUT2 have been found to be upregulated with high carbohydrate diets

and play an important role in carbohydrate absorption.16, 17 Additionally, SGLT1 is required

for upregulation of GLUT2.18

Increased expression of fat transporters has been shown before in other studies of animals

receiving a diet high in fat.19, 20 However, there have been no studies that have examined

the expression of these intestinal lipid transporters at higher levels of fat or with different

kinds of fat, especially in the context of SBR. We found that only the MFD had increased fat

transporter mRNA expression in MTTP and CD36 while HFD had similar levels of

expression to LFD. Additionally, menhaden oil had significantly greater expression of

MTTP but especially CD36.

MTTP assists lipoprotein synthesis by shuttling the lipid to the ApoB protein. The increases

in MTTP were mild and unlikely to be clinically significantly. However, CD36 had

significant changes in expression, particularly with menhaden oil. CD36 is a facilitator of

fatty acid uptake in the brush border membrane of the proximal intestine, but also in the

heart, skeletal muscle, and adipose tissue.19, 21

It is possible to infer that CD36 may be involved in the preservation of lean mass due to the

dramatic increase seen in the menhaden oil group. However, CD36 was not found to be

dramatically elevated in mice fed HFD, who demonstrated the greatest lean mass. CD36-

null mice do not have a net fat malabsorption and were protected against obesity when

placed on a high fat diet. These mice were noted to have similar lean mass but decreased

body fat.22 Muscle-specific CD36 transgenic mice were found to have leaner body

compositions and less adipose tissue but also weighed less than wild type mice.23 If CD36

contributes to the beneficial metabolic effects of menhaden oil after resection, then we may

expect to see an attenuation of this phenotype if this experiment were to be replicated with

CD36-null mice.

This study elucidates the importance of enteral fat in maintaining lean body mass after

surgery. While the mechanism is unclear, we hypothesize based on our findings that enteral

omega-3 fatty acids reduce pro-inflammatory cytokines that may further promote

catabolism. Optimizing fat-based enteral nutrition may be a useful adjunct in the treatment

of short gut syndrome to maintain body weight and prevent protein loss.
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Figure 1.
Percentage of preoperative weight of mice on postoperative days 7-14 based on preoperative

weight. LFD = Low Fat Diet, MFD = Medium Fat Diet, HFD = High Fat Diet. * p < 0.05

between LFD and HFD, ^ p < 0.05 between HFD and MFD, # p < 0.05 between MFD and

LFD
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Figure 2.
Percent lean mass measured at postoperative day 14. LFD = Low Fat Diet, MFD = Medium

Fat Diet, HFD = High Fat Diet. NS = No Significance, ** p < 0.005
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Figure 3.
Total kilocalories of food consumed per day. LFD = Low Fat Diet, MFD = Medium Fat

Diet, HFD = High Fat Diet. * p < 0.05
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Figure 4.
Percent increase in villus height from intraoperative measurement to postoperative day 14.

LFD = Low Fat Diet, MFD = Medium Fat Diet, HFD = High Fat Diet. * p < 0.05, ** p <

0.005
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Figure 5.
Fat (A) and carbohydrate (B) related mRNA expression of diglyceride acyltransferase

(DGAT), microsomal triglyceride transporter protein (MTTP), CD36, apolipoprotein B

(ApoB), glucose transporter 2 (GLUT2) and sodium glucose linked transporter (SGLT1) as

determined by RT-PCR. β–Actin was used as the endogenous control, and whole bowel was

used as a calibrator. LFD = Low Fat Diet, MFD = Medium Fat Diet, HFD = High Fat Diet. *

p < 0.05, ** p < 0.005
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Figure 6.
Percentage of preoperative weight mice on postoperative days 7-14 based on preoperative

weight. MO = Menhaden Oil Diet, MF = Milk Fat Diet, OO = Olive Oil Diet. * p < 0.05

between MO and MF, ^ p < 0.05 between MF and OO, # p < 0.05 between OO and MO

Choi et al. Page 15

Surgery. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
Percent lean mass measured at postoperative day 14. MO = Menhaden Oil Diet, MF = Milk

Fat Diet, OO = Olive Oil Diet. ** p < 0.005
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Figure 8.
Total kilocalories of food consumed per day. MO = Menhaden Oil Diet, MF = Milk Fat

Diet, OO = Olive Oil Diet. NS = No Significance, * p < 0.05
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Figure 9.
Fat related mRNA expression of microsomal triglyceride transporter protein (MTTP),

CD36, and apolipoprotein B (ApoB) as determined by RT-PCR. β–Actin was used as the

endogenous control, and whole bowel was used as a calibrator. MO = Menhaden Oil Diet,

MF = Milk Fat Diet, OO = Olive Oil Diet. * p < 0.05, ** p < 0.005
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Choi et al. Page 19

Low Fat Medium Fat High Fat Menhaden Oil Milk Fat Olive Oil

Calories (kcal/ml) 1 1 1 1 1 1

% Kcal Fat 12% 44% 71% 42% 42% 42%

% Kcal Carbohydrates 70% 38% 11% 40% 40% 40%

% Kcal Protein 18% 18% 18% 18% 18% 18%
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