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These results indicate that multi-component lipid emulsions 
prevent cholestasis and restore enterohepatic bile flow in as-
sociation with gut microbial and metabolomic changes.  
We conclude that sustained bile flow induced by multi-com-
ponent lipid emulsions likely exerts a dominant effect in re-
ducing bile acid-sensitive gram-positive bacteria.—Call, L., 
T. Molina, B. Stoll, G. Guthrie, S. Chacko, J. Plat, J. Robinson, 
S. Lin, C. Vonderohe, M. Mohammad, D. Kunichoff, S. Cruz, 
P. Lau, M. Premkumar, J. Nielsen, Z. Fang, O. Olutoye,  
T. Thymann, R. Britton, P. Sangild, and D. Burrin. Paren-
teral lipids shape gut bile acid pools and microbiota profiles 
in the prevention of cholestasis in preterm pigs. J. Lipid Res. 
2020. 61: 1038–1051.
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Infants born prematurely have increased metabolic needs 
for postnatal growth and development (1). The immaturity 
or surgical removal of the gastrointestinal tract due to con-
genital and acquired diseases requires that many prema-
ture infants require partial or exclusive nourishment via 
parenteral nutrition (PN). Exclusive PN for long periods of 
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oil emulsions, prevent cholestasis by an unknown mecha-
nism. Here, we quantified liver function, bile acid pools, and 
gut microbial and metabolite profiles in premature parenter-
ally fed pigs given a soy-oil lipid emulsion, Intralipid (IL), a 
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time is associated with complications that include cholesta-
sis and liver injury, referred as PN-associated liver disease 
(PNALD), which can be as high as 50% in premature infants 
(2, 3). This condition often presents in infants secondary 
to intestinal resection and intestinal failure-associated liver 
disease (4). A key element in the pathogenesis of PNALD is 
cholestasis, or lack of bile flow from the liver into the duo-
denum leading to accumulation of bile acids and injury in 
the liver (2).

Development of cholestasis and subsequent liver injury 
in patients receiving PN has been linked to the lipid com-
ponent of PN, in particular plant sources such as soybeans 
(5). Lipid emulsion formulations composed of fish oils 
have been shown to reduce cholestatic conditions associ-
ated with long-term PN (6–8). New generation lipid emul-
sions composed of a mixture of lipid sources, including soy 
oil, olive oil, fish oil, and/or medium-chain triglycerides 
(MCTs) have also been associated with lower rates of cho-
lestasis and liver injury compared with pure soy oil-based 
emulsions in some, but not all, reported clinical studies 
(9–11). It is currently unclear how new generation lipid 
emulsions protect against cholestasis, but studies have im-
plicated phytosterols, plant-derived compounds analogous 
to cholesterol in animals, abundant in oils sourced from 
plants. Infants given soybean-oil emulsions for prolonged 
periods (>1 month) accumulate phytosterols in plasma 
and liver tissue and this correlates with their progression to 
PNALD (12–14). Another proposed explanation is that the 
higher content of -3 FAs, such as the DHA and EPA, 
found in fish oils, and lower amounts of -6 FAs, such as 
linoleic acid (LA), rich in soy oil, may beneficially modulate 
immune responses and prevent inflammation-driven liver 
injury (15–17). In addition to the potential for improving 
the inflammatory state of the liver, increasing the DHA and 
AA content in parenteral lipid emulsions may be beneficial 
to growth and development of other organs, especially the 
brain. It has been shown that premature infants exhibit 
lower blood levels of DHA and AA postnatally and that 
these FA deficiencies correlate with increased rates of pre-
maturity-related diseases (18).

Despite the many studies investigating various PN lipid 
emulsions in preterm infants, little is known about how 
prolonged total PN (TPN) impacts the developing gut mi-
crobiome and whether this is influenced by the type of 
lipid emulsion (19, 20). Bacteria in the intestine play a key 
role in the enterohepatic circulation of bile acids, namely 
to deconjugate bile salts and generate secondary bile acids 
(21). These processes have an important influence on bile 
acid profiles, transport, and their impact on host cell func-
tion mediated via the bile acid receptors, FXR and G 
protein-coupled bile acid receptor 1 (GPBAR1)/TGR5 
(22, 23). Thus, we sought to determine how different lipid 
emulsions affect the gut microbiota community profiles.

In the current study, we sought to quantify liver function 
and track disease progression and correlate this with bile 
acid pool sizes and profiles of the gut microbiome and me-
tabolome in neonatal preterm piglets administered TPN 
containing different lipid compositions. We tested three 
different lipid emulsions: soy-oil only, Intralipid (IL); soy, 

olive, and fish oils, SMOFlipid (SMOF); and another de-
rived from the same three lipid sources but modified to 
contain higher DHA and AA, which we have called the ex-
perimental emulsion (EXP). We hypothesized that the 
multi-component lipid emulsions would protect against 
cholestasis and that the unique FA profiles of the different 
lipid emulsions would correlate with differences in the gut 
microbiome and metabolome.

MATERIALS AND METHODS

Animal care and study protocol
The study protocol was approved by the Institutional Animal 

Care and Use Committee at Baylor College of Medicine. Mixed-
breed (Duroc, Hampshire, Yorkshire, and Landrace) piglets were 
delivered six days preterm by cesarean section and housed in indi-
vidual cages under a 12 h light-dark cycle, as described previously 
(24–27). Passive immunity was provided during the first 24 h via 
intravenous administration of maternal plasma (16 ml/kg). A to-
tal of 56 pigs were randomized to one of four groups: control en-
teral diet (ENT), TPN-IL, TPN-SMOF, or TPN-EXP. The number 
of piglets in each group at the end of the study was: ENT, 11 
(three female); IL, 12 (four female); SMOF, 11 (five female); and 
EXP, 11 (four female). All piglets were implanted with jugular 
venous catheters, while piglets in the enteral formula group were 
also implanted with an orogastric Tygon feeding tube (6 French) 
to enable enteral formula feeding. Piglets in the TPN groups re-
ceived a sham surgical procedure, but not the indwelling orogas-
tric feeding tube. Ampicillin was administered intravenously (50 
mg/kg) every other day throughout the study period to prevent 
catheter-related infections.

Nutrition and feeding protocol
All diets were isocaloric and isonitrogenous and, at full volume, 

consisted of 25 g/(kg·day) carbohydrates, 13 g/(kg·day) protein 
or amino acids, and 5 g/(kg·day) lipids as described previously 
(27) (Table 1). The detailed FA composition of the diets was de-
scribed previously (27). The ENT used consisted of a commer-
cially available ready-to-use preterm infant formula [Enfamil 
Premature (24 calorie); Mead Johnson Nutrition], which was for-
tified with added whey protein, lactose, electrolytes, and micronu-
trients to meet the nutritional needs of piglets and to match the 
intake levels in the TPN groups. DHA (DSM Nutritional Products 
Ltd.) was also added to the enteral formula to match the level in 
the SMOF group. Lipid emulsions were provided by Fresenius 
Kabi (Bad Homburg, Germany) and differed mainly by FA con-
tent, with SMOF, and EXP also having a slightly higher amount of 
vitamin E (all-rac--tocopherol). The EXP was similar to SMOF 
but was modified to increase DHA and AA and decrease EPA.

All pigs were given TPN solutions continuously starting at a rate 
of 5 ml/(kg·h). Within the first six study days, the rate of TPN infu-
sion for the IL, SMOF, and EXP groups was gradually increased to 
10 ml/(kg·h) and maintained for the remaining days [22 days total, 
240 ml/(kg·d)]. For the ENT group, the lipid emulsion provided 
during the first 6 days was SMOF, while enteral formula feeding ev-
ery 3 h via orogastric tube began the day after surgery. Enteral feed-
ing volumes were increased and the PN infusion volume was 
decreased proportionally, such that by day 7, PN was stopped and 
ENT piglets received the full feeding volume enterally [240 ml/
(kg·day)]. Beginning on day 5, ENT pigs were trained to drink liq-
uid formula from a stainless steel bowl. On day 10, orogastric feed-
ings stopped, and bowl feeding transitioned to every 4 h.
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Blood and tissue collection and analysis
Blood samples were collected after catheter placement during 

surgery (day 0) and on days 7, 14, and 22. Blood samples were di-
vided to be analyzed for complete blood count and processed to 
yield serum and plasma. Whole blood cell counting analysis was 
done in EDTA-treated whole blood immediately. Serum and 
plasma were stored at 80°C until analysis. On day 22, all pigs 
were euthanized and total contents of the gallbladder were col-
lected by needle aspiration, and livers were dissected and weighed. 
Luminal contents from the distal small intestine and proximal 
colon were sampled by flushing with sterile saline and collecting 
into sterile 5 ml tubes. Samples were either flash-frozen in liquid 
nitrogen or fixed in 10% paraformaldehyde for 24 h and then 
transferred to 70% ethanol before paraffin embedding and stored 
for later analysis. Complete blood count and serum chemistries 
were analyzed by the Comparative Pathology Laboratory at Baylor 
College of Medicine using commercially available kits. Plasma fi-
broblast growth factor 19 (FGF19) was measured using the Por-
cine FGF19 ELISA kit (RayBiotech). Fixed and paraffin-embedded 
sections of distal ileum were stained with Alcian blue and periodic 
acid-Schiff for measurement of villus height, crypt depth, and 
counting of goblet cells. Sections of liver tissue were stained with 
hematoxylin and eosin and then scored using eleven different 
metrics of liver injury and inflammation by a veterinary patholo-
gist blinded to the treatment groups (scoring criteria are de-
scribed in supplemental Table S1) as described previously (25).

Total bile acid analysis
Samples of plasma, liver tissue, and distal ileum tissue, as well as 

luminal contents from the small intestine and colon, were ana-
lyzed for total bile acids using an enzymatic colorimetric kit (BQ 
Kits). Total bile acid content within the liver tissue, gallbladder 
contents, distal ileum tissue, and small intestine and colon con-
tents were extrapolated from the concentration in the tested sam-
ple and the overall mass of the organ or compartment as collected 
at the end of study.

Quantitative bile acid, sterol, and FA analysis by  
LC-MS/MS

Samples of gallbladder bile were analyzed for various conju-
gated and free bile acid concentrations by LC-MS/MS (Q-Exac-
tive Orbitrap; Thermo Scientific) equipped with a HESI probe. 
The free and conjugated bile acid concentrations in samples were 

determined by reverse isotope dilution methodology using inter-
nal standards of d9-chenodeoxycholic acid (CDCA) and d9-glyco-
CDCA (Cambridge Isotopes, Andover, MA). Sample preparation 
for bile acids was performed by solid-phase extraction (SPE) with 
200 mg Bond Elut cartridges (Agilent Technologies). Briefly, SPE 
columns were preconditioned by passing 2 ml of methanol fol-
lowed by 2 ml of LC-MS grade water and 2 ml of 100 mmol/l am-
monium carbonate buffer at pH 9.3, after which the prepared 
plasma sample or tissue extract was loaded on to the column. The 
samples were prepared by mixing with an appropriate amount of 
internal standards (d9-CDCA and d9-glyco-CDCA; Cambridge Iso-
topes), 100 l of 100 mmol/l ammonium carbonate buffer (pH 
9.3), and 500 l of LC-MS grade water. After sample loading on 
the SPE column, the columns were washed with 2 ml of LC-MS 
grade water followed by drying of the SPE columns under vac-
uum. The bile acids were eluted with 3 ml of methanol followed 
by drying and reconstitution with the mobile phase buffer for 
analysis by LC-MS. The chromatographic separation of free and 
conjugated bile acids was achieved using an Accela 1200 liquid 
chromatograph and a 150 × 4.6 mm, 2.7 u Ascentis Express C-18 
(Sigma-Aldrich) analytical column maintained at 40°C. The mo-
bile phase consisted of methanol (5 mM ammonium acetate and 
0.012 formic acid) and water (5 mM ammonium acetate and 
0.012 formic acid).

Samples of plasma, gallbladder bile, and liver were analyzed 
for cholesterol and phytosterol contents using high mass resolu-
tion LC-MS/MS (Thermo Q-Exactive Orbitrap) equipped with 
an atmospheric-pressure chemical ionization probe in positive 
ion mode. The concentrations of phytosterols in plasma were de-
termined by reverse isotope dilution methodology after adding 
an appropriate amount of internal standards of corresponding 
phytosterols. Purified analytical grade (99%) 2H7--sitosterol- 
5-cholesten-24(RS)-ethyl-3-ol-25,26,26,26,27,27,27-d7 and 2H3-
campesterol-5-cholesten-24(RS)-methyl-d3-3-ol (CDN Isotopes, 
Pointe-Claire, Quebec, Canada) and 2H6-cholesterol-2,2,3,4,4,6 
(Cambridge Isotopes) were used as internal standards. Briefly, 
C18 SPE columns (200 mg Bond Elut cartridge; Agilent Technol-
ogies) were preconditioned with 2 ml of methanol followed by 2 
ml of LC-MS grade water. Plasma samples were mixed with inter-
nal standards and then loaded on to the SPE columns; the col-
umns were washed with 2 ml of LC-MS grade water; and the 
retained phytosterols were eluted by 3 ml of methanol. The eluted 
phytosterols in methanol were dried under vacuum and reconsti-
tuted in 100 l of the mobile phase (80:20 acetonitrile:methanol). 

TABLE  1.  Daily dietary nutrient intake

ENT IL SMOF EXP

Protein (g/kg)
  Free amino acid — 13 13 13
  Whey:casein (90:10) 13 — — —
Carbohydrate (g/kg)
  Glucose — 25 25 25
  Lactose/corn syrup solids 25 — — —
Fat/lipid (g/kg) 5 5 5 5
  DHA (mg/kg) 30.7 3.55 41.4 75.5
  AA (mg/kg) 26.4 9.55 16.05 165
  EPA (mg/kg) — — 100 13.8
  LA (mg/kg) 1,216 2,567 1,311 1,289
Vitamin E (IU/kg) 7.5 4-5 7.5 7.5

Based on published or reported ingredient compositions except for FAs, which were based on FA analysis 
completed by LC-MS/MS as described in the Materials andMethods. ENT = commercial preterm infant formula 
[Enfamil Premature (24 calories); Mead Johnson Nutrition] containing the following sources of protein: 60% whey, 
40% casein; carbohydrate: 60% corn syrup solids, 40% lactose; and fat: 40% MCT oil, 30% soy oil, 27% high oleic 
vegetable oil, 3% single-cell oil blend rich in DHA and AA. The infant formula was fortified with whey protein, 
lactose, and DHA to match the macronutrient level in the SMOF group. Electrolytes and micronutrients were also 
matched to the intake of the SMOF group.
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The chromatographic separation of phytosterols was achieved us-
ing an Accela 1200 liquid chromatograph and a 100 × 3.0 mm 
Kinetex, 2.6 u XB-C18 100A analytical column. The mobile phase 
consisted of acetonitrile:methanol (80:20) at an isocratic flow rate 
of 0.5 ml/min. Plasma oxyphytosterols were analyzed by GC-MS 
according to the procedure described previously (28). Samples of 
liver tissue were analyzed for FA contents using LC-MS/MS as de-
scribed previously (29).

Liver gene expression
Quantitative real-time PCR was performed on samples of liver. 

Total RNA was isolated using TRIzol reagent (Invitrogen) and was 
reverse transcribed using a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems). Real-time PCR was performed on a 
Bio-Rad CFX96 using PowerUp SYBR Green Master Mix (Applied 
Biosystems). Primers are given in supplemental Table S2. Target 
mRNA expression was quantified relative to -actin and com-
pared across samples using the 2CT method.

Sequencing of gut microbial communities
Samples of luminal contents from the proximal colon were 

flash-frozen in liquid nitrogen and stored at 80°C. Samples 
(100 mg) were extracted by bead beating using UltraClean mi-
crobead tubes (Mo Bio), and DNA was extracted using silica 
membrane spin-columns from a DNeasy blood and tissue kit (Qia-
gen), following the modified protocol described previously (30). 
DNA was quantified by measuring absorbance at 260 nm using a 
SpectraDrop micro-volume microplate and a SpectraMax plate 
reader (Molecular Devices). Amplification of the V4 region of the 
bacterial 16S rRNA gene was performed in duplicate 30 l reac-
tions, each with 30 ng DNA, 167 M dNTPs, 500 nM of each for-
ward and reverse primer, 1× Phusion HF buffer, and 0.6 units of 
Phusion high-fidelity polymerase (New England Biolabs). The 
primer combinations used incorporated dual barcodes to allow 
sample multiplexing as described previously (30). Reaction condi-
tions were as follows: initial denaturing at 98°C for 30 s and then 
26 cycles of 98°C for 10 s, 51°C for 20 s, and 72°C for 60 s. Dupli-
cate reactions were pooled and cleaned using Agencourt AMPure 
XP magnetic beads (Beckman Coulter). Samples were combined 
at equal concentrations and sequenced in a single run using the 
2 × 250 paired-end protocol on the MiSeq sequencing platform 
(Illumina).

Microbial community analyses
We received a total of 10,551,655 reads from the sequencer. 

Following demultiplexing and removal of reads with mismatched 
barcodes, we had a total of 9,264,408 reads. The average number 
of reads per sample was 210,548 (minimum = 107,749; maximum 
= 324,255). Sequence reads have been deposited with links to Bio-
Project accession number PRJNA559479 in the NCBI BioProject 
database (https://www.ncbi.nlm.nih.gov/bioproject/). We uti-
lized the mothur software package (v.1.39.0) to process the se-
quence reads (31, 32). We retained only sequence reads that had 
zero ambiguous bases, a maximum length of 260, and a maximum 
homopolymer length of 8. Reads were aligned to the V4 region of 
the SILVA database (v.123) and chimeras were removed with 
vsearch using the default parameters. Reads were then classified 
using the RDP training set (v.14), and observational taxonomic 
units (OTUs) were formed by clustering at the 0.03 level using 
opticlust (33). Subsequent analysis using the mothur-outputted 
biom file was performed in R with the phyloseq package (34). We 
first calculated observed OTU counts and the inverse of Simp-
son’s index to assess community richness and diversity, respec-
tively. We then subsampled to the minimum sequence count and 
transformed the OTU abundances to relative proportions by 

dividing by the total count per sample. OTUs were taxonomically 
classified and combined together so that all subsequent analyses 
were done on the taxonomic groupings.

Analysis of colonic metabolomic profiles
Analysis of the metabolomic profiles of colon contents sam-

ples was performed in collaboration with Metabolon, Inc. 
(Durham, NC). A total of 44 samples (n = 11 per treatment) 
were analyzed. Proteins were removed from wet-mass equiva-
lent samples by methanol precipitation and centrifugation, 
the remaining solvent was removed using a TurboVap (Zymark), 
and sample extracts were stored under nitrogen before fur-
ther processing. Sample extracts were reconstituted and ana-
lyzed using a Waters ACQUITY UPLC system, a Q-Exactive 
mass spectrometer (Thermo Scientific), a heated ESI (HESI-
II) source, and an Orbitrap mass analyzer. Analysis of each 
sample included both hydrophobic and hydrophilic reverse 
phase UPLC-MS/MS with positive ion mode ESI as well as reverse 
phase UPLC-MS/MS with negative ion mode ESI and hydro-
philic interaction LC/UPLC-MS/MS with negative ion mode 
ESI. MS scan range was m/z 70–1,000. Compounds were identi-
fied by comparison of the raw data to Metabolon’s curated li-
brary of standards. For subsequent analysis, missing values 
were imputed with half the compound minimum, the generalized 
log transformation was applied, and values were mean-cen-
tered and scaled by the compound standard deviation (35).

Statistical methods
The primary endpoints in the study were measurements of 

liver function, bile acid pools, and colon contents metabolite 
and microbial profiles. Secondary endpoints were distal ileum 
morphometry and goblet cell counts, plasma FGF19, phytos-
terol contents, serum chemistries, whole blood cell counts, and 
gene expression in liver. All statistical analysis of results was per-
formed using the R software program for statistics and graphi-
cal presentation. Pairwise Mann-Whitney U tests were used to 
determine significance of gene expression results, bacterial 
richness and diversity measurements, and relative abundance of 
specific bacterial genera and metabolites. Kruskal-Wallis rank 
sum tests were used to determine which of the top bacterial 
genera and which metabolites differed across the treatment 
groups. A Holm-Bonferonni correction was applied to all tests 
with multiple hypothesis. Significance was assessed at the  < 
0.05 level.

RESULTS

Body and organ weights
During the course of the study, 11 pigs died prior to 

completing the study and were not included in the results. 
The number of pigs lost in each group was ENT (n = 2), IL 
(n = 3), SMOF (n = 3), EXP (n = 4). The causes of death 
were not confirmed but were presumed to be related to is-
sues of prematurity, infection, or lipid overload syndrome. 
Overall pig body weights and body growth rate during the 
study did not differ across the four treatment groups (sup-
plemental Table S3). However, the liver weights in all TPN 
groups were larger than the ENT group (40.3 g/kg body 
weight) and those in the IL group (59.5 g/kg body weight) 
were significantly larger than SMOF and EXP (49.7 and 
47.7 g/kg body weight, respectively).
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Serum cholestasis markers
Liver function progressively worsened in TPN-fed pigs 

over the course of the study, as seen in Fig. 1. Serum di-
rect bilirubin increased in all TPN groups compared with 
ENT; however, the increase within the IL group was sig-
nificantly greater than that of the SMOF or EXP groups 
(Fig. 1A). Serum -glutamyl transferase (GGT) also in-
creased over the study in the IL group, but not in the 
ENT, SMOF, or EXP groups (Fig. 1B). We also observed 
evidence of cholestasis due to TPN administration as 
plasma levels of total bile acids were elevated in all TPN-
fed pigs compared with ENT, again with levels in the IL 
group higher than those in SMOF or EXP (Fig. 1C). 
Other liver enzymes and blood counts increased over the 
study from baseline but for the most part did not differ 
by group (supplemental Fig. S1).

Plasma FGF19
Plasma FGF19 concentrations increased in all groups 

over the first week of the study (Fig. 1D). On day 14, 
FGF19 concentrations were lower in IL versus all other 
groups. At the end of the study, plasma FGF19 was de-
creased in all groups to near what it was on day 0, with 
levels in the ENT group slightly higher than the TPN 
groups.

Liver histopathology
We observed a broad trend for higher values on most 

measures of liver injury and inflammation in all the TPN 
groups compared with ENT (supplemental Fig. S2A). Lob-
ular inflammation was higher in IL compared with ENT 
groups (supplemental Table S4). The one notable excep-
tion was hepatocellular glycogenation, which was signifi-
cantly higher in ENT pigs compared with SMOF. The most 
common features of injury were lobular inflammation, por-
tal infiltrate, and ductulitis.

Liver FA content analysis by LC-MS
We analyzed the concentrations of a panel of 27 specific 

FAs in liver tissue samples (supplemental Table S5). Over-
all, the FAs with highest concentration were C16:0, C18:0, 
C18:1, C18:2, and C20:4, observed at one or two orders-of-
magnitude higher concentration than all the others we 
analyzed. Of these, C18:1 (oleic acid) was most abundant 
and was significantly higher in all TPN groups compared 
with ENT. Hierarchical clustering of the entire panel re-
vealed a group of FAs noticeably lower in IL pigs compared 
with ENT, yet also higher in SMOF and EXP. This group is 
exemplified by C22:6 (DHA) and C24:1. In general, MCTs 
were an order-of-magnitude lower in liver tissue compared 
with the longer FAs, either saturated or unsaturated. It was 
apparent that most of the TPN pigs had a higher overall 
amount of FAs in their liver, with the notable exception 
of saturated FAs and PUFAs being somewhat lower on 
average in SMOF pigs compared with IL and EXP, and con-
sequently the total FA amount not reaching statistical sig-
nificance in the comparison against ENT.

Bile acid pools
Similar to that observed in plasma, total bile acid levels 

in various body compartments at the end of the study dif-
fered according to treatment (Fig. 2A, supplemental Table 
S6). The bile acid content within the liver (per kilogram of 
body weight) was higher in all TPN groups compared with 
ENT. In gallbladder contents, small intestinal contents, 
and distal ileum tissue, the total bile acid contents were 
lowest in the IL group. The most notable difference be-
tween treatments was observed in markedly higher small 
intestinal contents and distal ileum tissue bile acid content 
in ENT, SMOF, and EXP compared with IL. Colon bile 
acid content was numerically higher in SMOF and EXP 
than in IL, but not statistically different. The total bile acid 
pool size (sum of total bile contents in liver, gallbladder 

Fig.  1.  Serum direct bilirubin and GGT, plasma bile 
acids, and FGF19. Mean levels of direct bilirubin (A) 
and GGT (B) measured at baseline and weekly until 
the end of the study in serum. Mean levels of total bile 
acids (C) and FGF19 (D) measured at baseline and 
weekly until the end of the study in plasma. Bars repre-
sent standard error. *P < 0.05 versus ENT, #P < 0.05 
versus IL (Holm-adjusted pairwise t-tests).
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contents, small intestinal contents, distal ileum tissue, and 
colon contents) was significantly lower in IL versus ENT, 
SMOF, and EXP (Fig. 2B).

Across all groups, gallbladder bile was composed primar-
ily of conjugated primary bile acids (Fig. 2C, Table 2), with 

more glyco-conjugated than tauro-conjugated bile. The 
most abundant bile acid observed in the ENT and IL 
groups was glyco-hyocholic acid, while in the SMOF and 
EXP groups, it was glyco-CDCA. Comparing across the 
treatment groups, the concentrations of bile acids observed 

Fig.  2.  Total bile acid levels in various body compart-
ments and conjugated bile acid pools in gallbladder 
contents. Mean levels of total bile acids as measured in 
samples from different tissues and regions of the gut 
(A) as well as the summed total pool size (B). Bars rep-
resent standard error. *P < 0.05 versus ENT, #P < 0.05 
versus IL (Holm-adjusted pairwise t-tests). C: Pie charts 
showing mean concentrations of conjugated bile acids 
(combined glyco- and tauro-conjugated) in gallblad-
der contents. Pies are sized in proportion to total 
concentration. Values are micromoles per liter. The 
legend shows bile acid species abbreviations; G/T, 
glyco-/tauro-conjugates; HCA, hyocholic acid; HDCA, 
hyodeoxycholic acid; CA, cholic acid; DCA, deoxycho-
lic acid; LCA, lithocholic acid; UDCA, ursodeoxycho-
lic acid.

TABLE  2.  Bile acid concentrations in gallbladder contents of preterm piglets after 22 days

ENT IL SMOF EXP

G-CDCA 6,439 ± 1,249 1,107 ± 198a 16,241 ± 3,380a,b 15,803 ± 2,007a,b

G-HCA 12,196 ± 1,584 3,401 ± 294a 15,024 ± 2,632b 11,644 ± 1,699b

G-HDCA 2,625 ± 404 526 ± 91a 3,288 ± 560b 3,702 ± 569b

G-CA 375 ± 86 55 ± 9a 703 ± 209b 442 ± 80b

G-DCA 28 ± 12 2 ± 1 16 ± 6 12 ± 5
G-LCA 25 ± 6 3 ± 1a 112 ± 37b 120 ± 27a,b

G-UDCA 1 ± 0 0.1 ± 0 6 ± 5 2 ± 1
Total glyco-conjugated 21,689 ± 3,050 5,093 ± 422a 35,391 ± 6,386b 31,725 ± 3,739b

T-CDCA 3,753 ± 705 495 ± 115a 3,993 ± 1,285 4,084 ± 729b

T-HCA 5,748 ± 815 436 ± 85a 2,714 ± 692a,b 4,292 ± 935b

T-HDCA 1,285 ± 263 70 ± 21a 646 ± 147b 1,044 ± 307b

T-CA 297 ± 140 47 ± 10a 108 ± 42a,b 133 ± 43a,b

T-DCA 60 ± 10 6 ± 2a 37 ± 14 50 ± 19
T-LCA 33 ± 6 1 ± 0a 50 ± 21 75 ± 21b

Total tauro-conjugated 11,175 ± 1,743 1,055 ± 207a 7,547 ± 2,137 9,677 ± 1,760b

CDCA 0.5 ± 0 0.1 ± 0a 0.7 ± 0b 0.6 ± 0b

HCA 22 ± 5 3 ± 1a 42 ± 10b 18 ± 3b

HDCA 0.5 ± 0 0.7 ± 0 0.4 ± 0 0.2 ± 0
Total unconjugated 23 ± 5 4 ± 1a 43 ± 10b 19 ± 3b

All bile acids 32,887 ± 4,680 6,151 ± 468a 42,982 ± 8,448b 41,421 ± 5,205b

Data are presented in micromoles per liter. Values given are mean ± standard error of the mean. G-/T-, glyco-/
tauro-conjugates; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; CA, cholic acid; DCA, deoxycholic acid; LCA, 
lithocholic acid; UDCA, ursodeoxycholic acid. T-UDCA, CA, DCA, LCA, and UDCA are not shown as they were 
below limit of detection.

aP < 0.05 versus ENT, Holm-Bonferroni adjusted pairwise t-test.
bP < 0.05 versus IL, Holm-Bonferroni adjusted pairwise t-test.
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in IL pigs, both the glyco- and tauro-conjugated forms as 
well as the unconjugated forms, are several fold lower than 
those observed in the ENT, SMOF, or EXP pigs.

The bile profiles measured by the metabolomic analy-
sis of colon contents reflect the trend seen in the total 
bile acid pool measurements, in that the levels of most 
bile acid species are higher in SMOF and EXP pigs as 
compared with ENT or IL (Fig. 3A). This trend appeared 
to hold strongest for both glyco- and tauro-conjugated 
primary and secondary bile acids, while unconjugated 
secondary bile acids were more evenly observed across 
groups. Notable exceptions, where levels were relatively 
higher in ENT and IL pigs versus SMOF or EXP, include 
the secondary bile acids 3b-hydroxy-5-cholenoic acid and 
isohyodeoxycholate.

We also detected differences between treatment groups 
in the relative levels of conjugated and unconjugated bile 
acid species (Fig. 3B). The relative ratios of glyco- and 
tauro-conjugated to unconjugated chenodeoxycholate, 
hyocholate, and hyodeoxycholate were higher in SMOF 
and EXP compared with ENT and IL. We observed a higher 
relative ratio of cholate to ursocholate in SMOF versus 
ENT pigs, but no differences were seen for the ratios of 
chenodeoxycholate to lithocholate, hyocholate to hyode-
oxycholate, or chenodeoxycholate to ursodeoxycholate 
(data not shown).

Phytosterols
Plasma phytosterols were higher in all TPN groups com-

pared with ENT, with IL also significantly higher than 
SMOF and EXP (Table 3). Likewise, levels in liver tissue 
were highest in IL, followed by SMOF and EXP, then ENT. 
The variability in gallbladder contents was such that al-
though SMOF and EXP pigs showed a higher average com-
pared with ENT and IL, the difference was not significant. 
The levels of individual phytosterols showed similar trends, 
with -sitosterol, the most abundant, being significantly 
higher in IL compared with SMOF, EXP, and ENT for both 
plasma and liver samples. We observed similar differences 
in plasma but not liver campesterol and stigmasterol. No 
differences were detected for cholesterol levels in any of 
the measured tissues. There was no treatment group differ-
ence in levels of oxidized cholesterol or oxidized phytos-
terol in plasma (supplemental Table S7). However, it is 
notable that the absolute concentrations of oxidized cho-
lesterol and phytosterols were an order of magnitude lower 
(nanomolar) than the parent compounds that were pres-
ent in the micromolar range.

Liver gene expression
We measured the expression of several liver genes re-

lated to bile acid synthesis, transport, and regulation, but 
did not detect any statistically significant differences across 
the treatment groups (supplemental Fig. S3). There were 
trends with biological relevance to the observed pheno-
types, such as high relative expression of MDR1 in SMOF 
and EXP pigs, which pumps bile out of hepatocytes into 
bile ducts, and CYP7A1 in IL pigs, which is a crucial enzyme 
required for the synthesis of bile acids.

Intestinal histology
We observed a reduced villus height and crypt depth in 

all TPN groups compared with ENT pigs (supplemental 
Fig. S4). However, among the TPN groups, we found 
higher villus height in the EXP versus IL group, as well as 
greater crypt depth in both SMOF and EXP versus IL. In 
contrast, the number of goblet cells per unit of villus epi-
thelium in TPN groups was nearly twice that of the ENT 
group, and crypt goblet cell counts were highest in IL pigs 
compared with all other groups (supplemental Fig. S4D). 
Goblet cells, which appear as cells containing large apical 
mucin granules stained deep blue, are visually more abun-
dant per unit of epithelium in the TPN groups compared 
with ENT (supplemental Fig. S4E).

Gut microbiota
Upon comparing microbial communities in the colon, 

we observed greater richness and diversity in the ENT and 
IL groups compared with both SMOF and EXP (Fig. 4A). 
This was evident at the genus level (clustered at 97% 
sequence identity), with communities from SMOF and 
EXP pigs notably showing a lack of gram-positive anaer-
obes such as Clostridium cluster XIVa, Blautia, Butyricicoccus, 
Lachnospiraceae, Flavonifractor, and Ruminococcaceae 
(Fig. 4B). That the SMOF and EXP pigs harbor dramati-
cally different communities compared with ENT and IL is 
exemplified by looking at the top two most abundant bac-
terial taxa in the dataset (Fig. 4C). In the majority of pigs 
from all treatments, the highest abundant bacteria are 
from the family Enterobacteriaceae. In ENT and IL pigs, 
these make up around half the community, while in SMOF 
and EXP pigs these comprise nearly 90% of the commu-
nity. In ENT and IL pigs, the second most abundant bacte-
ria are Clostridium cluster XIVa, making up around 25% of 
the community. In SMOF and EXP pigs, however, these 
Clostridium are only 0–1%. Some notable genera that com-
prised major portions of the community in most pigs and 
were nearly equal in relative abundance across groups in-
clude some Clostridium (sensu stricto as well as those from 
cluster XI), Enterococcus, Rothia, and Streptococcus.

Metabolome
We identified 729 distinct chemical compounds via me-

tabolomic analysis of samples from colon contents. Of 
these, 547 were significant (P < 0.05) when testing for 
group effects by ANOVA (supplemental Table S8). This 
large number of compounds allowed for distinct clustering 
of the different treatment groups using principal compo-
nent analysis, with the ENT pigs clearly distinct from all 
TPN groups (Fig. 5A). Among the TPN groups, SMOF and 
EXP pigs mostly overlapped, with both being separate from 
the IL pigs.

As our primary intervention in this study was a change in 
the TPN lipid composition, we tested group-specific pat-
terns among all lipid compounds, visualized as a heatmap 
of those compounds that were significantly different across 
groups (by ANOVA) while also exhibiting a median fold 
difference >2 between SMOF and IL (Fig. 5B). Several free 
FAs were notably higher in the IL group, while several 



Parenteral lipids shape gut bile and microbiome profiles 1045

carnitine derivatives were highest in the SMOF and EXP 
groups. In contrast, several short-chain FAs, such as valer-
ate, caproate, and isocaproate, were all highest in IL-treated 
pigs. Steridonate, a derivative of -linoleic acid, was enriched 

only in the SMOF pigs. The linoleic acid derivatives 9,10-Di-
HOME and 12,13-DiHOME were highest in ENT and 
lowest in SMOF. Among other classes of compounds, we 
observed that the tryptophan metabolite indolepropionate 

Fig.  3.  Colonic contents bile acid profiles and relative ratios of conjugated to unconjugated bile acids. A: Heatmap showing profiles of bile 
acid species detected in samples from colon contents, with bile acid species arranged by hierarchical clustering. Values are relative standard-
ized units (dimensionless). B: Relative ratios of total conjugated (both glyco- and tauro-conjugated) to unconjugated chenodeoxycholate 
(CDCA), hyocholate (HCA), and hyodeoxycholate (HDCA) found in colon contents samples. Values are ratios of relative standardized units 
(dimensionless). Bars represent standard error. *P < 0.05 versus ENT, #P < 0.05 versus IL (Holm-adjusted pairwise t-tests).
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and the tyrosine metabolite tyramine, likely products of mi-
crobial metabolism, were notably increased in the ENT 
pigs compared with all TPN pigs (supplemental Table S8). 
Derivatives of benzoic acid were also found to differ by 
treatment group, with hippurate and 4-hydroxyhippurate 
being elevated in SMOF and EXP compared with ENT and 
IL, and 3-(4-hydroxyphenyl)propionate and 3-phenylpro-
pionate being diminished.

DISCUSSION

TPN is a life-saving nutritional intervention in infants, 
yet prolonged TPN increases the risk cholestatic liver dis-
ease and this has been linked to parenteral lipid emulsions. 
The regulatory approval and increased use of new genera-
tion parenteral lipid emulsions has led to recent clinical 
trials showing that multi-component lipid emulsions (e.g., 
SMOF) lead to less cholestasis than soybean oil emulsions 
and recent clinical nutrition guidelines have recom-
mended their use for infants (9, 11, 36–39). Consistent 
with clinical findings, the current study confirms our previ-
ous report in preterm pigs that new multi-component lipid 
emulsions (e.g., SMOF) prevent cholestasis compared soy-
bean-oil-based emulsions (e.g., IL) (25). In the current 
study, we show new evidence that multi-component emul-
sions, regardless of relative levels of DHA, AA, and EPA, 
restore bile acid flow into the gut and differentially shape 
the gut microbiota and metabolome profile compared with 
soybean oil emulsions.

An important finding of this study was that both multi-
component lipid emulsions (SMOF and EXP) increased 
bile acid pool sizes in the gut in association with reduced 
plasma markers of cholestasis, particularly total bile acids. 
Bile acid levels in small intestinal contents and in ileum tissue 
were markedly higher in ENT, SMOF, and EXP compared 

with IL pigs. Metabolomic profiling of colonic bile acids 
also showed increases, especially in the conjugated forms, 
of both primary pig bile acids, CDCA and hyocholic acid, 
and the secondary bile acid, hyodeoxycholic acid. Also in-
creased in SMOF and EXP were sulfated forms of cholate 
and glycocholate, which increases their solubility, reduces 
their intestinal absorption, and thus promotes fecal excre-
tion (40). It is worth noting that hyocholic acid (also known 
as -muricholic acid) (41) is a dominant bile acid is pigs 
but is also present in human infants (42–44). A similar 
study in term-born pigs showed a shift in the gallbladder 
bile profile from predominant hyocholic acid to CDCA in 
SMOF- versus IL-treated pigs (45). Another bile acid that 
was enriched in SMOF was isohyodeoxycholic acid, a 6 
isomer of hyodeoxycholic acid, a secondary bile acid 
formed from hyocholic acid (46). This epimer likely results 
from bacterial modification in the colon and may thus re-
flect the unique microbial community in SMOF pigs. An-
other is 3b-hydroxy-5-cholenoic acid that is reported to 
originate from a unique fetal route of synthesis (47, 48). 
This bile acid has been detected both in meconium and 
amniotic fluid of preterm versus term infants at birth (48, 
49), as well as older children with cholestasis associated 
with biliary atresia or hepatic ductular hypoplasia (50, 51). 
These findings suggest that the FA composition of the 
parenteral lipid emulsion results in increased bile flow 
into the gut and may alter endogenous bile acid synthesis 
pathways.

The changes in gut bile acid profiles were associated 
with remarkable differences in gut microbiota community 
structure. The higher relative ratios of conjugated to un-
conjugated bile acids in SMOF and EXP versus IL and ENT 
pigs was associated with the loss of several groups of gram-
positive anaerobes as well as the shift toward a greater 
relative abundance of gram-negative Enterobacteriaceae. 
Conjugated bile acids are deconjugated in the gut by the 

TABLE  3.  Sterol content in the plasma, liver, and gallbladder contents of preterm piglets after 22 days

ENT IL SMOF EXP

Plasma (M)
  -Sitosterol 9.61 ± 1.06 60.0 ± 1.81a  19.7 ± 1.97a,b 21.0 ± 1.93a,b

  Campesterol 4.95 ± 0.31 10.4 ± 0.47a 4.18 ± 0.48b 3.54 ± 0.30b

  Stigmasterol 0.86 ± 0.06 13.5 ± 0.74a 2.22 ± 0.23b 2.27 ± 0.20b

  Total phytosterols 15.4 ± 1.36 84.0 ± 3.0a 26.1 ± 2.64a,b 26.8 ± 2.40a,b

  Total phytosterol pool (mol/kg body weight) 0.99 ± 0.09 5.37 ± 0.19a 1.67 ± 0.17a,b 1.71 ± 0.15a,b

  Cholesterol 581 ± 25.6 625 ± 21.6 534 ± 25.9 515 ± 38.6b

Liver (nmol/g)
  -Sitosterol 17.0 ± 3.51 97.3 ± 25.3a 31.6 ± 7.31b 38.2 ± 7.91b

  Campesterol 11.9 ± 1.45 17.9 ± 4.04 10.8 ± 0.55 11.7 ± 1.01
  Stigmasterol 9.97 ± 0.42 24.3 ± 5.71 10.3 ± 0.42 10.7 ± 0.33
  Total phytosterols 39.1 ± 4.80 132 ± 35.6a 53.1 ± 8.77b 70.3 ± 10.7b

  Total phytosterol pool (nmol/kg body weight) 1.55 ± 0.18 8.52 ± 2.25a 2.54 ± 0.32b 2.89 ± 0.44b

  Cholesterol 1,514 ± 319 1,484 ± 319 1,427 ± 328 1,680 ± 294
Gallbladder contents (M)
  -Sitosterol 595 ± 56.6 598 ± 112 1173 ± 241 1139 ± 192
  Campesterol 73.5 ± 18.6 50.1 ± 10.9 133 ± 35.3 125 ± 20.4
  Stigmasterol 95.3 ± 24.0 133 ± 46.2 181 ± 37.4 173 ± 37.1
  Total phytosterols 765 ± 72 801 ± 175 1488 ± 307 1439 ± 244
  Total phytosterol pool (µmol/kg body weight) 584 ± 127 459 ± 113 1200 ± 252 955 ± 226
  Cholesterol 3,327 ± 950 2,570 ± 653 7,326 ± 2236 7,225 ± 1424

Values given are mean ± standard error of the mean.
aP < 0.05 versus ENT, Holm-Bonferroni adjusted pairwise t-test.
bP < 0.05 versus IL, Holm-Bonferroni adjusted pairwise t-test.
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bacterial bile salt hydrolase activity that is associated mostly 
with gram-positive species (52). Thus, the loss of several 
gram-positive microbes from the microbiota community 

would explain the greater relative abundance of conju-
gated bile acids in the colon, where normally 90% of bile 
acids exist in unconjugated forms (42). The most likely 

Fig.  4.  Characterization of the colonic microbiota profile. (A) Mean OTU counts and the inverse of Simpson’s Diversity Index across the 
treatment groups. Bars represent standard error. *P < 0.05 versus ENT, #P < 0.05 versus IL (Holm-adjusted pairwise t-tests). B: Heatmap show-
ing profiles of observed bacteria at the genus level (clustered at 97% sequence identity) and arrayed horizontally according to treatment 
group and vertically by decreasing overall abundance in the dataset. Values are sample-wise proportional abundances. *P < 0.05 (Holm-ad-
justed Kruskal-Wallis rank sum tests). C: Group-wise comparison of the top two most abundant taxa. Bars represent standard error. *P < 0.05 
versus ENT, #P < 0.05 versus IL (Holm-adjusted pairwise t-tests).
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explanation for the differences in gut microbial communi-
ties among the TPN groups was the increased flow of bile 
and bile acids into the intestine. As mentioned above, most 
of the bacteria that were either missing or of lower relative 
abundance in SMOF and EXP compared with IL pigs were 

gram-positive bacteria, which are known to be more bile 
acid sensitive (53). This interpretation is supported by a 
study showing an increase in the relative abundance of 
bile-acid tolerant gram-negative Enterobacteriaceae in the 
small intestine of term-born piglets treated with SMOF 

Fig.  5.  Characterization of colonic luminal metabolite profiles. A: Principal components plot with samples from individual pigs repre-
sented by a single dot. B: Heatmap showing profiles of FAs, which were observed to be significant at P < 0.05 (Benjamini-Hochberg-adjusted 
ANOVA) and have a median fold difference of >2 between SMOF and IL groups. The individual FAs are arranged by hierarchical clustering. 
Values are relative standardized units (dimensionless).
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compared to IL (54). Thus, both the SMOF and EXP emul-
sions maintained hepatic bile flow and the delivery of bile 
acids into the intestine and this led to loss of bile acid-
sensitive gram-positive bacteria. The apparent paradox of 
gram-positive bacterias’ simultaneous sensitivity to bile as 
well as their preference for metabolizing bile through bile 
salt hydrolase may be explained in part by the lack of en-
teral substrate in the context of TPN. It has been shown 
that in species that rely on bile salt hydrolase for their resis-
tance to bile toxicity, this resistance exhibits a reverse effect 
in the absence of nutrients (55). Thus, the absence of an 
abundant carbon source for these bacteria during pro-
longed TPN may actually render them more susceptible to 
the bactericidal effects of bile.

Another striking finding from our metabolomic analysis 
was the large changes in gut luminal metabolite profiles 
produced solely by changing the composition of parenteral 
lipid emulsion given intravenously. Many of the metabo-
lites that were enriched in TPN-fed groups and among the 
IL, SMOF, and EXP were FAs and their metabolic prod-
ucts. Several FAs including palmitate, stearate, palmitole-
ate and their carnitine esters were 2- to 3-fold higher in 
TPN-fed versus ENT pigs. The finding of both the FAs and 
their carnitine esters suggest that they originated from lip-
ids incorporated into host cells, likely hepatocytes or intes-
tinal epithelial cells, and were then secreted in bile or 
sloughed into the gut lumen, respectively. Even during 
fasting or on a lipid-free diet, significant amounts of lipids 
are excreted in feces (56). This is consistent with our previ-
ous finding that the body tissue FA composition is strongly 
influenced by the FA composition of administered paren-
teral lipid emulsion (26). Likewise, in this study we ob-
served changes in concentrations of FAs in liver tissue that 
correlated with treatment. Interestingly, we found a group 
of several FAs that seemed to be decreased in pigs receiving 
IL compared with ENT, but that seemed to be normalized 
in pigs receiving SMOF or EXP. We also note that based on 
comparing overall FA intake with liver tissue contents, it is 
clear that preterm piglets appear to preferentially oxidize 
MCTs for energy while storing longer chain FAs in hepatic 
lipid depots.

Our results confirm previous evidence that SMOF (25) 
and, in this study, EXP both prevent cholestasis and in-
crease gut bile flow. A current theory to explain the pro-
tective effect of multicomponent emulsions is linked to 
phytosterols, which are present in lower concentrations in 
SMOF versus IL and have been shown to antagonize FXR 
and disrupt bile acid signaling (25, 57). Our results show 
that both SMOF and EXP emulsions markedly reduced the 
plasma concentration and liver concentration of phytoster-
ols and nearly doubled biliary phytosterol content. Because 
an important route of phytosterol excretion is via hepatic 
ABCG5/G8 transporters, these shifts in phytosterol pool 
sizes reflect higher rates of bile flow in SMOF and EXP 
consistent with prevention of cholestasis. We did not find 
evidence of increased hepatic ABCG5/G8 expression or 
FXR activation in SMOF or EXP pigs, although there was a 
trend for lower CYP7A1 and increased MDR1. In contrast, we 
found evidence of increased gut FXR activation resulting 

from increased bile flow based on higher plasma FGF19 
concentrations in SMOF and EXP versus IL pigs. FGF19 
acts as a negative feedback signal for hepatic bile acid syn-
thesis via CYP7A1 (58, 59). Thus, the mechanism to explain 
the prevention of cholestasis by SMOF and EXP warrants 
further study. However, the current results are consistent 
with the idea that reduced intravenous loads and hepatic 
accumulation of phytosterols are associated with reduced 
cholestasis.

In summary, multi-component lipid emulsion prevented 
cholestasis and restored enterohepatic bile flow, and this 
was associated with unique gut microbial and metabolomic 
profiles. Our results confirm that multi-component lipid 
emulsions prevent cholestasis and that further enrichment 
of DHA and AA and lowering EPA did not diminish the 
protection against cholestasis. This does not preclude the 
possibility that enrichment of DHA and/or lowering of LA 
in SMOF and EXP is protective against cholestasis. Further-
more, we postulate that phytosterols are involved, as both 
SMOF and EXP have lower phytosterol content than IL. 
We postulate that the limited systemic accumulation of 
phytosterols with multi-component emulsions was ex-
plained not only by the reduced parenteral load but also by 
sustained hepatic excretion through normal bile flow into 
the intestine. This increase in bile flow into the intestine 
resulted in loss of many bile-sensitive gram-positive bacteria 
and a relative increase in Enterobacteriaceae. Our current 
results provide further rationale to explore possible mech-
anistic links between the gut microbiome and the protec-
tive effects of multi-component lipid emulsions against 
PN-associated cholestasis.

Data availability
Microbial sequence reads have been deposited with 

links to BioProject accession number PRJNA559479 in the 
NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject/). A complete list of all metabolites from the 
colonic metabolomic analysis are available on request from 
Douglas Burrin, USDA-ARS Children’s Nutrition Research 
Center, e-mail: doug.burrin@usda.gov.
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