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Abstract

Background—Parenteral nutrition (PN) provides nutrition intravenously; however, this life-

saving therapy is associated with significant liver disease. Recent evidence indicates improvement 

in PN-associated injury in animals with intact gut treated with enteral bile acid (BA), 

chenodeoxycholic acid (CDCA), and a gut farnesoid X receptor (FXR) agonist, which drives the 

gut–liver cross talk (GLCT). We hypothesized that similar improvement could be translated in 

animals with short bowel syndrome (SBS).

Methods—Using piglets, we developed a novel 90% gut-resected SBS model. Fifteen SBS 

piglets receiving PN were given CDCA or control (vehicle control) for 2 weeks. Tissue and serum 

were analyzed posteuthanasia.

Results—CDCA increased gut FXR (quantitative polymerase chain reaction; P = .008), but not 

downstream FXR targets. No difference in gut fibroblast growth factor 19 (FGF19; P = .28) or 

hepatic FXR (P = .75), FGF19 (P = .86), FGFR4 (P = .53), or Cholesterol 7 α-hydroxylase (P = .
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61) was noted. PN resulted in cholestasis; however, no improvement was noted with CDCA. 

Hepatic fibrosis or immunostaining for Ki67, CD3, or Cytokeratin 7 was not different with CDCA. 

PN resulted in gut atrophy. CDCA preserved (P = .04 vs control) gut mass and villous/crypt ratio. 

The median (interquartile range) for gut mass for control was 0.28 (0.17–0.34) and for CDCA was 

0.33 (0.26–0.46).

Conclusions—We note that, unlike in animals with intact gut, in an SBS animal model there is 

inadequate CDCA-induced activation of gut-derived signaling to cause liver improvement. Thus, it 

appears that activation of GLCT is critically dependent on the presence of adequate gut. This is 

clinically relevant because it suggests that BA therapy may not be as effective for patients with 

SBS.
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Introduction

Parenteral nutrition (PN) therapy involves intravenous (IV) delivery of nutrition, thus 

bypassing the normal enteral route of feeding.1–3 It is commonly used in patients with bowel 

resection or impaired gut function.4,5 Unfortunately, this lifesaving PN therapy is associated 

with significant liver disease that is characterized by an increase in serum bilirubin level, 

which is a marker for hepatic cholestasis.6,7 About two-thirds of patients receiving PN 

experience development of chronic cholestasis, with mortality rates of about 20%.8,9 This 

poses a significant clinical burden in caring for such patients. In addition, PN therapy is also 

associated with gut atrophy, which is counterproductive to the goals of intestinal 

rehabilitation.10

In clinical practice, PN is commonly used for prolonged periods in patients with intestinal 

failure (IF), a diagnosis given when there is not enough functional gut present to sustain the 

patient’s nutrition needs solely on enteral feeding.9 When this condition results from 

extensive bowel resection, often secondary to trauma, ischemic injury, inflammatory bowel 

disease, gastroschisis, or necrotizing enterocolitis, the patients are classified as having short 

bowel syndrome (SBS).11,12 Patients with extensive bowel resection require PN therapy for 

survival because enteral delivery of nutrition is not adequate to sustain their caloric and 

nutrition requirements for growth. Gut resection in such patients can involve resection of a 

small segment to extensive bowel resection, the latter involving significantly higher PN 

support and presenting with advanced liver injury.13,14 Preventing liver disease and 

promoting gut growth remain a major focus in the care of patients with SBS who are 

receiving PN therapy.

Despite significant ongoing research, the mechanisms of PN-associated injury remain an 

enigma.15 New evidence points to gut-derived signaling secondary to luminal contents 

activating gut receptors that regulate the gut–liver cross talk (GLCT), which is known to 

maintain hepatic homeostasis.10,16
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Because PN therapy commonly occurs in the absence of regular enteral feeding, it is 

postulated that this results in a lack of enterocyte receptor activation in the absence of 

luminal nutrients, which are known receptor agonists.16,17 This causes an impairment of 

downstream gut-originated signaling molecules that normally travel via the portal circulation 

to the liver and, therefore, lead to an interruption of the normal GLCT.18,19

Using a piglet PN animal model with intact gut, we have previously reported that the bile 

acid (BA) chenodeoxycholic acid (CDCA) delivered enterally can prevent cholestasis and 

liver disease associated with PN therapy in piglets by activating the farnesoid X receptor 

(FXR), which is found in the gut.16 This CDCA-mediated gut FXR activation results in 

enhanced expression of the hepatoprotective fibroblast growth factor 19 (FGF19)20,21 that 

regulates hepatic Cholesterol 7 α-hydroxylase (CyP7A1),22,23 which is the rate-limiting step 

of BA synthesis and drives the GLCT.24 In addition, such therapy with CDCA, in animals 

with intact gut, prevents PN-associated atrophic changes in the gut.16,25

However, given the premise that liver improvement with CDCA is secondary to gut-derived 

signals, and thus dependent on the presence of at least some portion of the bowel, it needs to 

be tested whether hepatic and gut protection seen with CDCA in PN piglets with intact gut 

could bring about similar improvements in SBS piglets receiving PN with extensive bowel 

resection. Because this model recapitulates the clinically relevant pediatric condition of PN-

dependent SBS, we set forth to test the role of CDCA in this model. Therefore, leveraging 

results from our published studies, we hypothesized that enterally delivered CDCA given to 

piglets receiving PN with surgically induced SBS could prevent PN-associated injury.

Design and Methods

Neonatal Pig as a Model

Over the past 2 decades there has been widespread use of the pig as an animal model to 

study human physiology and development.26 Extensive research has demonstrated 

homology in both form and function between the pig and human with respect to numerous 

organ systems, especially the liver and the gastrointestinal tract.27,28 In particular, the 

neonatal pig, unlike rodents, has been shown to be highly comparable with the human 

neonate in regard to several aspects of metabolism, body composition, organ function, and 

stages of development.29 This comparison is very relevant in the setting of SBS.30,31 We 

have developed a new ambulatory PN delivery mechanism to emulate human PN delivery.3 

For this study, we used our ambulatory PN delivery method in piglets with the modification 

of 90% surgical resection of the gut to create a short bowel animal model.

Animal Procurement and Short Bowel Surgery

The protocol for CDCA BA treatment of neonatal pigs (piglets) undergoing 90% bowel 

resection was approved by the Institutional Animal Care and Use Committee of Saint Louis 

University (SLU Animal Use Protocol 2657, US Department of Agriculture registration 43-

R-011). The study was conducted in accordance with the Guide for the Care and Use of 
Laboratory Animals.32 One-week-old female piglets (n = 15), with a mean weight ± SD of 

3.3 ± 0.3 kg were procured from an approved class A vendor and immediately placed in 

Villalona et al. Page 3

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



heated cages. As described previously, jugular and duodenal catheters were surgically 

implanted.

Short bowel surgery—After catheter placement, animals underwent surgery for bowel 

resection and iatrogenic creation of SBS. Via the abdominal incision, the ligament of Treitz 

and the ileocecal junction were identified and marked using a sterile silk ribbon placed along 

the antimesenteric border of the gently stretched small intestine. Boundaries were marked 

with silk ligatures around the bowel that were then clamped with regular crushing clamps 

(hemostats). Subsequently, the process of transecting the bowel and removal of the resected 

segment was performed. Replacement of saline-soaked gauze and repeated flushing of the 

bowel tissue with sterile warm saline were performed. On the boundaries of the intestinal 

resection, Doyen forceps were placed on the portion of the intestine that was used to create 

the anastomosis. Closely opposed to the Doyen forceps, hemostats were placed on the 

segment to be resected. Using scissors, we transected the intestine between each Doyen/

clamp pair. If the proximal and distal lumens were of unequal diameter, the smaller segment 

was transected at an oblique angle favoring retention of the vasa recta at the mesenteric 

border. This ensured equal luminal diameter for anastomosis. Electrocautery was then used 

to cauterize andvv remove the mesentery and associated vasculature in between these sites. 

Once the resected segment was freed from the mesentery, the Doyen-clamped ends of each 

remnant bowel section (jejunum and ileum) were brought together. Each segment was 

measured. The resected bowel length was also measured to ascertain the total bowel length. 

Our goal was retention of 10% bowel with 90% resection. If either the jejunal or the ileal 

segment was >5% of the total bowel length, then it was trimmed. Stay sutures at the 

mesenteric and antimesenteric borders were used to ensure the correct apposition. Luminal 

continuity of the 2 remnant sections was restored by an end-to-end stapled (Just Right 5-mm 

stapler) anastomosis. The anastomosis seal was subsequently tested by injecting sterile, 

warm saline into the lumen using a 25G needle and checked for leakage. The anastomosis 

was copiously washed in a bowl of warm saline before being returned to the abdomen. The 

abdominal incision was then closed in 3 layers (absorbable suture/surgical staples), and the 

incision line and exit site near the scapula were infiltrated with local anesthetic (bupivacaine) 

for postoperative pain relief. Subsequently, preconditioned jackets and ambulatory pumps 

for PN delivery were placed.

Animal Grouping

All animals received IV fluids on day 1 postsurgery. Animals were subsequently started on 

their randomly assigned groups to receive IV (n = 8) PN plus enterally delivered CDCA (Cat 

No. C9377; Sigma-Aldrich, St. Louis, MO, USA) via slow bolus infusions at 30 mg/kg/day, 

divided into 2 daily doses (CDCA group), or (n = 7) PN plus enterally delivered control 

(vehicle control for CDCA).

Nutrition

As previously described, all animals received a commercially available PN preparation 

continuously (Clinimix E; Baxter, Deerfield, IL, USA) via the jugular venous catheter. This 

provided fluids at 260 mL/kg body weight/day with 26 g/kg dextrose, 11.05 g/kg protein, 

and 5 g/kg fat along with electrolytes, trace minerals, and vitamins for a total of 182 kcal/kg 
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body weight/day (Table 1). The PN was placed in nutrition bags (Medtec Medical, EVA, 

Product Code 66050) and replaced every 12 hours. Isocaloric nutrition33 was provided to all 

animals for a period of approximately 2 weeks as previously published.3,16

Animal Care

Animal weights were recorded daily, before nutrition bag changes. Animals were 

continuously monitored with frequent scheduled (at least 5 times daily) visits by research 

personnel in accordance with the Institutional Animal Care and Use Committee and the 

Guide for the Care and Use of Laboratory Animals.32

Euthanasia and Tissue Collection

The abdomen was opened posteuthanasia, and the liver was removed in its entirety. 

Subsequently, the remaining small intestine was removed as described previously.3,16 The 

intestine was flushed with saline, its contents extruded and weighed. Small segments of the 

liver and the small bowel were sliced and weighed. Tissue was then cut into smaller pieces, 

snap-frozen in liquid nitrogen, and stored at −80°C for future analysis. At the time of 

euthanasia, blood was also collected. Serum analysis was done at the Saint Louis University 

clinical pathology core laboratory.

Histology

Segments of fresh tissue (2–3 cm) from the small intestine and liver were fixed in 4% 

buffered formalin for 24 hours and then stored in 70% ethanol at room temperature for 24 

hours. The tissue was then processed, embedded in paraffin, and stained for hematoxylin and 

eosin (H&E). Liver tissue was stained with Sirius Red (for evaluating fibrosis). Liver tissue 

was also stained for Ki67, Cytokeratin-7 (CK-7), and CD3. In addition, gut slides were 

stained with thymidine analog 5-bromo-2′-deoxyuridine (BrdU). The automated upright 

microscope system with LED illumination for Life Sciences Leica DM4000 B LED was 

used along with Q-capture pro digital imaging software. The following subsections describe 

the specific stains and the methods used for quantification.

Ki67 labeling index—The nuclear antigen Ki67 is expressed in the cell-cycle phases G1, 

S, G2, and M, however not during G0. The percentage of the Ki67+ nuclei are expressed as a 

labeling index, which provides an objective cell proliferation index in the tissues.34 Liver 

tissue in each group was stained via the Ki67 immunohistochemical stain. The slides were 

then reviewed under a light microscope by a pathologist blinded to group allocation. All of 

the positive (immunoreactive) hepatic nuclei were calculated and subsequently divided by 

the total number of cells in 5 nonoverlapping high-power fields. The result was reported as a 

Ki67 index.

Cytokeratin 7—CK-7 is a low molecular weight cytokeratin, expressed in epithelia lining 

the cavities of ducts, vessels, and organs. The CK-7 immunohistochemical stain is used to 

objectively qualify bile duct proliferation.35,36 We performed CK-7 staining on liver tissue 

from the CDCA and control groups. The slides were reviewed under a light microscope by a 

pathologist blinded to the group allocation. All of the immunoreactive cells (cytoplasmic and 
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membranous pattern) were calculated and reported in 5 nonoverlapping high-power fields 

and divided by the total number of cells to compute a final CK-7 score.

CD3—CD3 immunohistochemical stains were performed on the liver tissue to evaluate the 

inflammatory infiltrate. These provide an objective assessment of hepatic inflammation.37 

The slides were reviewed under a light microscope by a pathologist blinded to the group 

allocation. All of the immunoreactive cells were calculated and subsequently divided by 

total number of cells in 5 nonoverlapping high-power fields to compute a CD3 score.

Sirius Red staining—Collagen provides structure and support to maintain healthy liver 

function. However, increased collagen deposition is a known marker for hepatic injury with 

PN.38 Sirius Red is a strong anionic dye that reacts with the basic functional groups in 

collagen at a low pH. As a result of these interactions, the elongated dye molecules from 

Sirius Red attach to the collagen so that their long axes are parallel. This results in increased 

birefringence in the stained samples.

For this experiment, staining was accomplished by de-paraffinizing neonatal pig liver 

samples using xylene and rehydrating using decreasing concentrations of ethanol. After this 

process, the slides were stained with Weigert’s iron hematoxylin solution and then after 

washing were stained with a Sirius Red/Fast Green solution. Slides were subsequently 

dehydrated with increasing concentrations of ethanol and xylene.39 Slides were then 

reviewed by a pathologist blinded to the study groups. The amount of collagen present was 

determined by calculating the ratio of collagen stained by the Sirius Red as a percentage of 

the entire sample. Collagen levels were then compared between the groups.

Liver Cholestasis Scoring—The liver H&E slides were reviewed under a light 

microscope. Bile deposits indicative of cholestasis, which is a known event with PN-

associated liver injury,40 were identified by a pathologist blinded to group allocation. These 

cholestatic foci were counted and reported in 3 nonoverlapping fields to create a liver 

cholestasis score.

5-Bromo-2′-deoxyuridine—The thymidine analog BrdU is used as an 

immunohistochemical stain to detect proliferating cells. BrdU is incorporated into newly 

synthesized DNA of replicating cells, and thus provides an objective assessment of cellular 

proliferation.41

The BrdU standard operating procedure was approved by the university (SOP 2657). BrdU 

(Sigma-Aldrich) was administered 6 hours before animal euthanasia via the jugular catheter 

at a dose of 35mg/kg.

BrdU-stained gut slides were reviewed under a light microscope by a pathologist blinded to 

the group allocation. Within each high-power field, all BrdU+ cells, identified by a brown 

nuclear staining pattern, were counted. This number was divided by the total number of cells 

in 3 nonoverlapping high-power fields. The result was reported as BrdU labeling index.
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Morphometric analysis of small-bowel epithelium—Using the small-bowel H&E 

slides, we quantified the mean villous height and crypt depth in vertically well-oriented 

villous–crypt columns with the slide reviewer blinded to the treatment to compute a villous/

crypt (V/C) ratio for animals in each group.

Confirmation of biological activity of CDCA

To assess the biological activity of CDCA used in this experiment, we established a cell 

culture model using Human Hepatocellular Carcinoma (HepG2) cells. Upregulation of FXR 

by CDCA in HepG2 cells is well defined, and thus provides support of CDCA activity.42,43 

HepG2 cells were grown in 60-mm Petri dishes with Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal calf serum, penicillin-streptomycin, 15 mm HEPES, and L-

glutamine in a humidified incubator at 37°C with 5% CO2 atmosphere. After seeding (65%–

70% confluent), cells were treated with CDCA (Cat No. C9377; Sigma-Aldrich) dissolved 

in dimethyl sulfoxide (DMSO; D2650; Sigma-Aldrich), as given to the piglets and incubated 

for 24 hours. For control experiments, cells were treated with DMSO only.

Cells were washed with Dulbecco’s phosphate-buffered saline and collected. The total RNA 

was isolated from the HepG2 cells using TRIzol reagent (Life Technologies). For gene 

expression analysis, total RNA was reverse transcribed by using Verso cDNA synthesis kit 

(AB 1453/B-Thermo scientific), and the real-time quantitative polymerase chain reaction 

(RT-qPCR) analysis was performed per the manufacturer’s instructions (CFX Connect; Bio-

Rad).

Tissue: RNA extraction and real-time polymerase chain reaction analysis

RNA was extracted from the liver using Sigma-Aldrich GenElute Mammalian Total RNA 

Miniprep Kit per protocol (RTN70-1KT) and the terminal ileum using TRIzol (15596018; 

Thermo Fisher). Isolated RNA (1 ng) was reverse transcribed into complementary DNA 

using Verso cDNA Synthesis Kit (AB1453B; Thermo Fisher). Primers were designed using 

Integrated DNA Technologies. Primers for each transcript were validated (Table 2). RT-

qPCR was performed in triplicate on the Bio-Rad CFX Connect Real-Time System. Relative 

mRNA levels were calculated by the comparative threshold cycle method using β-actin as 

the internal control.

Statistical Analysis

GraphPad Prism version 7.03 software was used for statistical analysis. Descriptive statistics 

on the outcomes were calculated as median and interquartile range (IQR). Mann-Whitney U 
tests were conducted for the serological markers, histology reads, and relative mRNA 

expression of the genes. All tests were 2-sided using a significance level of 0.05.

Results

Baseline

At baseline, both groups were comparable in age and weight. No differences were noted (P 
= .15) in the daily weight gain in either control or CDCA treatment groups over the course 
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of 14 days of treatment (Figure 1). The median and IQR for daily weight gain for control 

was 72.78 (62.67–86.48) and for CDCA was 92.19 (70.29–101.1).

CDCA Activity

Because CDCA is a known FXR agonist, to confirm activity for the CDCA used in this 

experiment, we evaluated FXR mRNA expression upon introduction of CDCA in HepG2 

cell lines. We dissolved the CDCA in DMSO as given to the piglets and used the same 

compounded solution to test in HepG2 cells. Confirming CDCA activity, we noted a marked 

increase (P = .0043) in the mRNA expression of FXR with CDCA treatment (Figure 2). The 

median and IQR for relative FXR expression for control was 0.22 (0.07–0.28) and for 

CDCA was 2.32 (1.49–3.17).

Serum Bilirubin and Liver Histology

One of the most important markers for cholestatic liver injury with PN is elevated serum 

bilirubin level. We have previously noted significant elevation in serum bilirubin level in 

piglets with intact gut receiving PN.3,16,33,44

In this study, we also noted that there was a significant elevation in serum bilirubin level in 

all piglets receiving PN. There was additionally a large variability in the serum bilirubin 

within each group. In fact, paradoxically, although the median bilirubin was lower in the 

control group, this did not reach statistical significance (Figure 3). The median and IQR for 

serum bilirubin for control was 0.25 (−0.26 to 4.01) and for CDCA was 1.37 (0.10–3.43). 

Thus, unlike in prior publications showing improvement in serum bilirubin with CDCA 

treatment in piglets with intact gut receiving PN, we did not find any beneficial effect on 

serum bilirubin with CDCA treatment in comparison with control (P = .93) in our SBS 

piglets. Given this result, we also evaluated serological markers for liver injury and fat 

profiles, expecting an improvement with CDCA treatment. However, no statistical 

differences in serum alanine amino-transferase (P = .39), γ-glutamyl transferase (P = .80), 

BA (P = .39), cholesterol (P = .46), low-density lipoprotein (P = .64), or triglyceride (P = .

51) levels were noted among the groups (Figure 4).

Histologically, hepatic intraparenchymal bile deposition was noted in all animals. Keeping in 

line with the serum bilirubin results, these cholestatic deposits were not statistically different 

among the 2 groups, and no improvement was noted with CDCA treatment. Interlobular and 

periportal fibrosis was noted in piglets from both groups. Although initially the fibrosis 

appeared less dense with CDCA treatment, on objective quantification this did not reach 

statistical significance (P = .47) between the 2 groups (Figure 5).

Based on published data demonstrating an alteration of hepatocyte proliferation in animals 

receiving PN, we calculated the hepatic Ki67 proliferation index in each group.45 Keeping in 

line with a lack of improvement in liver histology with CDCA treatment, we did not find any 

statistical difference in the Ki67 index (Figure 5) between the groups (P = .37) to suggest a 

difference in hepatocyte proliferation.

Previously published data have demonstrated bile duct proliferation and an inflammatory 

infiltrate on PN therapy.35,37,46 To evaluate differences in bile duct proliferation and 
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inflammatory infiltrate between the groups, we performed the CK-7 and the CD3 

immunohistochemistry on the liver slides; however, no statistically significant differences 

were noted in CK-7 (P = .18) or CD3 score (P = .56) between the 2 groups (Figure 5).

Gut Morphology and Histology

Bowel atrophy on initiation of PN is well described.3,16,47 Although on gross inspection the 

small bowel of control animals was thin and friable, there was prevention of gut atrophy in 

piglets receiving CDCA.

Improved bowel weight—To compare bowel growth among the groups, we calculated 

the weight per centimeter of the small bowel at the time of animal sacrifice as an estimate of 

the “gut mass.” Supporting the changes observed on gross examination, in comparison with 

the CDCA-treated animals, a significant reduction in the gut mass was noted in the small 

bowel in the control group (Figure 6). CDCA treatment largely prevented the loss of the gut 

mass (P = .04). The median (IQR) for the gut mass (g/cm) for control was 0.28 (0.17–0.34) 

and for CDCA was 0.33 (0.26–0.46).

To quantify gut morphometric differences, we evaluated the V/C ratio of the small bowel in 

each group. We noted significant villous atrophy in all animals with SBS. The median (IQR) 

for the V/C ratio for control was 2.11 (1.76–2.37) and for CDCA was 2.67 (2.16–2.96). 

CDCA was able to preserve the V/C ratio (P = .04) in comparison with control piglets 

(Figure 7), although this preservation was less pronounced than in other published studies 

using models without gut resection.16,41,48

BrdU staining—To evaluate differences in gut cellular proliferative activity, we evaluated 

the BrdU index in each of the animals. The median (IQR) for the BrdU Index for control 

was 31.09 (27.49–33.19) and for CDCA was 21.39 (14.62–31.28). The BrdU index was 

significantly lower for CDCA-treated animals (P = .038) compared with their control 

counterparts (Figure 8).

Key Hepatobiliary Receptors and Transporters

CDCA is known to activate gut FXR with a resultant activation of FGF19. We therefore 

evaluated gut FXR mRNA expression to ascertain CDCA activation of gut FXR. The median 

(IQR) for the gut FXR expression for control was 0.79 (0.37–1.45) and for CDCA was 1.88 

(−1.38 to 9.82). Thus, an upregulation of gut FXR was noted with CDCA (P = .008) in 

comparison with control animals (Figure 8). However, in contrast with published studies in 

animals with intact gut receiving PN, this did not translate into enhanced expression for gut 

FGF19, and FGF19 was not statistically different between the groups (P = .28). We next 

tested mRNA expression of multiple key hepatic receptors and transporters that are known to 

be regulated via the GLCT driven by CDCA activation of gut receptors. No statistical 

differences in hepatic FGF19 (P = .86), hepatic FGFR4 (P = .53), a receptor for FGF19, 

hepatic CyP7A1 (P = .61), or hepatic FXR (P = .75) were noted between the 2 groups 

(Figure 9). In addition, no statistical differences in known CDCA-modulated hepatic 

receptors, small heterodimer partner49 (SHP), constitutive androstane receptor50 (CAR), 
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organic solute steroid transporter51 (OSTα), multidrug-associated protein52,53 (MRP), or 

peroxisome proliferator-activated receptor54 (PPAR) were noted between the groups.

Discussion

PN remains a crucial therapy in patients with gut dysfunction and a variety of debilitating 

medical conditions. Despite being a critical life-sustaining therapy, enthusiasm for its use is 

hampered by side effects that carry a high rate of morbidity and mortality. One of the most 

significant of these side effects is progressive liver disease and gut atrophy.47,55

Although there has been some interest in the role of ω 3–derived fats,56–58 as well as 

infection prevention59 and strict micronutrient management protocols60,61 for patients 

receiving PN, to date there are no definitive ameliorative or curative strategies. In addition, 

mechanisms leading to PN-associated complications remain largely unknown,62 which 

further complicates therapeutic interventions.6,63,64

Clinical observations of a mitigation of PN-associated injury when some enteral nutrition is 

provided along with parental nutrition suggest the existence of gut-generated signaling 

molecules in response to luminal content.65–67 Furthering this idea, emerging data point to 

an altered GLCT as a potential contributor to PN-associated pathology.10,16,24

Experiments advancing this theory have shown that such gut and hepatoprotective signaling 

can be recapitulated by delivering luminal BAs in animal PN model systems.68,69 In fact, 

prevention of gut atrophy and an improvement in hepatic outcomes have been shown to 

occur on enteral administration of the BA CDCA in animals receiving PN with intact gut.16 

Although this idea of using BAs to drive the GLCT as a therapeutic strategy for PN-

associated pathology challenges the current treatment paradigm, it is predicated on the 

existence of an intact bowel.

Clinically, PN therapy is most needed by patients who have had IF or significant bowel 

resection, a condition called SBS. This cohort represents the most vulnerable of the patient 

populations to PN-associated injury with high morbidity and mortality.4,70 Interventions that 

could prevent such injury are urgently called for and present an opportunity for high impact 

in the care for such patients.11

Inducing a significant 90% surgical short bowel in our well-established PN pig model to 

recapitulate human SBS, we decided to use enteral BA treatment with CDCA to determine 

whether we could recapitulate the beneficial effects of such therapy that we have previously 

published in animals with intact bowel receiving PN.

In this study, as expected, we noted upregulation of hepatic FXR in HepG2 cells, confirming 

biological activity of our supplied CDCA. However, when enterally administered to animals 

with significant bowel resection, the same CDCA did not improve hepatic injury.

With CDCA treatment, although we noted increased mRNA expression of gut FXR, this did 

not translate into alterations in the key downstream hepatobiliary receptors or transporters, 

which is known to occur in animals with intact gut. In addition, serum bilirubin did not 
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improve with CDCA treatment. Downstream gut FXR-regulated hepatic targets did not show 

any statistical difference between the study groups. There was no difference in gut FXR-

regulated, FGF19 expression levels or in the hepatic FGF19 receptor FGFR4. Similarly, 

CYP7A1, the rate-limiting step of BA synthesis that is known to be regulated by FGF19 

signaling,71,72 was not different between the groups. In addition, SHP, CAR, OSTα, MRP, 

and PPAR, which are key hepatobiliary transporters and receptors in the GLCT, did not 

show any statistical change with CDCA.

Prior studies have noted changes in fat profiles with gut FXR agonists.73,74 With our model 

of significant gut resection, we did not find differences in the fat panel with CDCA 

treatment. Histologically, cholestasis and periportal fibrosis were noted in both groups with 

no improvement with CDCA.

Findings from the gut in this study interestingly did not mirror those of the liver. Although 

we did not note improvement in liver injury with CDCA treatment, a striking observation 

was a preservation of PN-induced gut atrophy in CDCA-treated animals in comparison with 

the control group. This was noted both in gut mass comparisons and histological 

morphometrics. The gut density, as well as the V/C ratio critical for gut function, was 

improved with CDCA treatment, but this response appeared tempered in comparison with 

published studies evaluating luminal receptor agonists in PN with intact gut.48,75,76 This 

observation thus challenges our current understanding and calls for further research into the 

mechanistic pathways triggered by luminal content that drive gut growth.

Although we were expecting a higher cell proliferation in CDCA-treated animals, as has 

been noted in other studies,77 our BrdU index data indicated a lower proliferation activity 

with CDCA. We postulate that this may have been because of potentially greater ongoing 

gut reparative processes in our control animals with greater gut atrophy as compared with 

the CDCA-treated animals, where CDCA treatment preserved the atrophic changes.

Thus, although at first our results may seem counterintuitive to published data of hepatic 

improvement with CDCA treatment in animals receiving PN with intact gut,16 they 

nevertheless are clinically very relevant and provide key data crucial for translational 

science. Therefore, although the altered gut–liver signaling can be modulated by enteral BA 

therapy, patients with significant gut resection, as occurring with SBS, may not benefit from 

such therapy. It also provides significant support to our published novel theory that there are 

indeed gut-derived signals that regulate systemic health, and an absence of gut translates to 

an absence of these signals.

However, we also noted significant protections from PN-associated gut atrophic changes in 

these animals as shown by a preservation of the gut density, as well as the V/C ratio. 

Mechanisms into such gut-protective effect with CDCA remain intriguing. Certainly the 

TGR5-GLP axis,28,33,78 as well as the role of other trophic factors including epidermal 

growth factor,79 insulin-like growth factor,80 keratinocyte growth factor,81 and the role of the 

gut microbiota,44 need critical evaluation in future studies. Further research may also 

provide insights into other relevant mechanistic pathways driving gut growth and remain the 

focus of our ongoing studies.
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Although this study provides an interesting observation regarding the role of CDCA in SBS, 

there were some obvious limitations. First, the animals used in this study are not pure-bred, 

and therefore could present individual variations in responses, thus skewing our results. 

This, however, would be representative of patient populations with SBS who again are not 

genetically identical.

A second theoretical limitation would be potential subclinical infections in these animals 

with significant surgical procedures and the presence of long-term indwelling catheters, 

which could influence our results. Although all animals were rigorously monitored by the 

study staff and board-certified veterinarians, clinical signs of infection could have lagged 

pathology. To mitigate this potential issue, we did perform blood cultures; however, we did 

not find any obvious signs of infection among either group.

A third limitation could be length of treatment of our piglets. Even though we did not see 

initial differences in terms of hepatic protection via CDCA, it is possible that with sustained 

gut adaptation driven by CDCA, we could over time achieve adequate gut–liver signaling to 

prevent hepatic damage. Dose and frequency variation in CDCA treatment could also 

potentially alter gut signaling, which could be the focus of future studies.

Nevertheless, our results do bring up the very important question that if enteral BA therapy 

is not helpful in a model of SBS with extensive bowel resection, where should we direct 

future research to help this condition in these patients? Could IV delivered downstream 

signaling molecules generated on BA-mediated gut receptor activation prove to be of 

therapeutic utility in PN-associated injury in SBS? We speculate that such targeted therapy 

could potentially translate into better outcomes for patients with SBS. Equally crucial would 

be knowledge as to the bowel segment or the percentage of bowel needed to drive the GLCT. 

Thus, further studies with differing bowel segment or percentages of bowel resection could 

help answer that question.

Such focused research could ultimately advance our understanding of the mechanistic 

pathways involved in the GLCT and potentially bring to fruition ameliorative or therapeutic 

intervention for patients with SBS.

Conclusion

This study evaluating the role of CDCA in SBS is clinically very relevant and provides novel 

evidence that the GLCT is impaired with significant bowel resection. Our data thus 

demonstrate that the gut is integral in mediating the cross talk with the liver. Thus, “No gut 

results in no gain!” Our results challenge the current paradigm and prompt the thought-

provoking idea that despite the phenomenal interest in enteral BA treatment for a variety of 

hepatic disorders, this treatment may not be effective in patients receiving PN with extensive 

bowel resection. Instead, future research focusing on IV delivered downstream molecules/

signals normally generated upon luminal content could act as a surrogate in driving the 

GLCT and mitigate PN-associated complication in patients with SBS.
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Clinical Relevancy Statement

Parenteral Nutrition (PN) involves providing nutrition via the intravenous route in 

patients with bowel resection or impaired gut function. Unfortunately this therapy is 

associated with significant liver disease and mortality. New evidence points to gut derived 

signaling secondary to luminal contents that regulates the Gut-Liver cross talk (GLCT) 

essential for hepatic health. We have previously published improvement in PN associated 

injury in animals with intact gut treated enterally by chenodeoxycholic acid (CDCA) 

which is a gut Farnesoid X Receptor (FXR) agonist. CDCA a bile acid (BA) causes 

secretion of the hepato-protective fibroblast growth factor 19 (FGF19) which acts as a 

signaling molecule mediating the GLCT. We thus hypothesized that similar improvement 

could be translated in the clinically relevant condition of short bowel syndrome (SBS), 

which results from extensive bowel resection. However we noted that that in an animal 

model of SBS there is inadequate activation of gut derived signaling with CDCA which 

precludes hepatic improvement. Therefore modulating the GLCT is intimately related to 

the existence of some bowel. Thus no gut no gain! This is clinically very relevant as it 

provides novel information cautioning the recent excitement that BA therapy has 

generated for a variety of liver disorders targeting the GLCT. Thus trialing intravenously 

administered downstream signaling molecules along the GLCT pathway could be the 

focus of future SBS studies. Additionally, mechanisms for gut preservation with CDCA 

despite significant gut resection remain unknown and further studies will be needed to 

evaluate those pathways.
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Figure 1. 
Daily weight gain for control and chenodeoxycholic acid (CDCA)-treated animals. Box and 

whisker plots are shown. Boxes represent the 25th–75th percentile, and central lines 

represent median values. A Mann-Whitney U test was conducted to determine P-value. All 

test were 2-sided using a significance level of 0.05. Note that there were no differences in 

daily weight gain between the 2 groups.
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Figure 2. 
Chenodeoxycholic acid (CDCA) activity: relative farnesoid X receptor (FXR) mRNA 

expression in HepG2 cells treated with CDCA. Box and whisker plots are shown. Boxes 

represent the 25th–75th percentile, and central lines represent median values. A Mann-

Whitney U test was conducted to determine P-value. All tests were 2-sided using a 

significance level of 0.05. Note that there was significant upregulation of FXR with CDCA.
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Figure 3. 
Serum bilirubin level. Box and whisker plots are shown. Boxes represent the 25th–75th 

percentile, and central lines represent median values. A Mann-Whitney U test was 

conducted to determine P-value. All tests were 2-sided using a significance level of 0.05. 

Note that there was no statistical difference in serum bilirubin with CDCA treatment.
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Figure 4. 
(A) Serum alanine aminotransferase (ALT), γ-glutamyltransferase (GGT), and bile acids 

levels. (B) Serum cholesterol, low-density lipoprotein (LDL), and triglyceride levels. Box 

and whisker plots are shown. Boxes represent the 25th–75th percentile, and central lines 

represent median values. A Mann-Whitney U test was conducted to determine P-value. All 

tests were 2-sided using a significance level of 0.05. Note that there were no differences in 

serum ALT, GGT, bile acid, cholesterol, LDL, or triglyceride levels between the groups.
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Figure 5. 
Liver immunohistochemistry: (A) Sirius Red, (B) CD3, (C) Ki67, and (D) Cytokeratin 7 

(CK-7). Objective histology scoring was performed, and a Mann-Whitney U test was 

conducted to determine P-value. All tests were 2-sided using a significance level of 0.05. 

Note that there were no differences in hepatic fibrosis, Ki67, CD3, or CK-7 immunostaining 

(see arrows) between the groups.
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Figure 6. 
Gut mass of small bowel. Box and whisker plots are shown. Boxes represent the 25th–75th 

percentile, and central lines represent median values. A Mann-Whitney U test was 

conducted to determine P-value. All tests were 2-sided using a significance level of 0.05. 

Note the reduction in small bowel gut mass with control and its preservation with 

chenodeoxycholic acid (CDCA) treatment.
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Figure 7. 
(A) Small bowel histology. Note the villous atrophy in control animals (arrows). (B) Small 

bowel villous/crypt ratio. Box and whisker plots are shown. Boxes represent the 25th–75th 

percentile, and central lines represent median values. A Mann-Whitney U test was 

conducted to determine P-value. All tests were 2-sided using a significance level of 0.05. 

Note the significantly higher villous/crypt ratio with chenodeoxycholic acid (CDCA) 

treatment.
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Figure 8. 
(A) Small bowel histology with 5-bromo-2′-deoxyuridine (BrdU) immunostaining (see 

arrows). (B) Gut BrdU index. Box and whisker plots are shown. Boxes represent the 25th–

75th percentile, and central lines represent median values. A Mann-Whitney U test was 

conducted to determine P-value. All tests were 2-sided using a significance level of 0.05. 

Note the significantly lower BrdU index with chenodeoxycholic acid (CDCA) treatment.
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Figure 9. 
Key bile acid–regulated hepatobiliary receptors and transporters in the (A) gut and (B) the 

liver. Median and interquartile values are shown. Filled box represents chenodeoxycholic 

acid, and filled circle represents control. A Mann-Whitney U test was conducted to 

determine P-value. All tests were 2-sided using a significance level of 0.05. Note the 

significant upregulation of gut farnesoid X receptor (FXR). Otherwise, no differences in 

mRNA expression were noted between the groups. CyP7A1, Cholesterol 7 α-hydroxylase; 

FGF19, fibroblast growth factor 19.

Villalona et al. Page 26

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Villalona et al. Page 27

Table 1

Nutrition Composition.

Parenteral Nutrition

Ingredients:

Parenteral nutrition:

Leucine, isoleucine, valine, lysine, phenylalanine, histidine, threonine, methionine, tryptophan, alanine, arginine, glycine, proline, serine, 
tyrosine, sodium, potassium, magnesium, calcium, acetate, chloride, phosphate, dextrose)

Fat:

Soybean oil, egg yolk phospholipids, glycerin, and water
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Table 2

Primer Sequences.

Primer Sequence

Human

Farnesoid X Receptor (FXR) Forward
Reverse

CCGTGAATGAAGACAGTGAAGGTCG
ACCCTTTCAGCAAAGCCAATCTGGTC

Porcine

Fibroblast growth factor 19 (FGF19) Forward
Reverse

ACACCATCTGCCCGTCTCT
CCCCTGCCTTTGTACAGC

FXR Forward
Reverse

ACATTCCTCATTCTGGGGCTTT
TTTCGGGGTCTTACTCCTTACA

FGF19 Receptor: FGFR4 Forward
Reverse

CGCTCGCGGCCACGCCGCCGT
TGCCGCCGCACCGGCGCTCGC

Cholesterol 7 α-hydroxylase (CyP7A1) Forward
Reverse

AGGGTGACGCCTTGAATTT
GGGTCTCAGGACAAGTTGGA

Small heterodimer partner (SHP) Forward
Reverse

AGTGCTGCCTGGAGTCCTTA
CCTTTCAGGTAGGCGTATTCC

Constitutive androstane receptor (CAR) Forward
Reverse

CCGCCATATGGGCACTATGT
GCGAAATGCATGAGCAGAGA

Organic solute steroid transporter α (OSTα) Forward
Reverse

CCTGTTTCTCATCCCTGACG
AGCAGCGCTCTCCTCAGA

Multidrug-associated protein (MRP) Forward
Reverse

TCTTGGTGACACACAGCATTC
TTCCCACAACCACAATCTCA

Peroxisome proliferator-activated receptor (PPAR) Forward
Reverse

CAGCCTCCAGCCCCTCGTC
GCGGTCTCGGCATCTTCTAGG

β-Actin Forward
Reverse

5′-GGACCTGACCGACTACCTCA
5′-GCGACGTAGCAG AGCTTCTC
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