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Original Communication

Clinical Relevancy Statement

Although parenteral plant sterols are assumed to accumulate in 
the liver, current knowledge on their distribution in the human 
body is based on serum plant sterol measurements. This is the 
first study demonstrating that liver plant sterol concentrations 
are elevated during parenteral nutrition and that their increased 
levels relate with biochemical and histological liver injury in 
children with intestinal failure.

Introduction

Parenteral nutrition (PN) is a life-saving therapy for patients with 
intestinal failure (IF). PN dependence, however, predisposes to 
IF-associated liver disease (IFALD), the most significant and life-
threatening complication of IF.1-3 IFALD is the most common 
indication for intestinal transplantation in children, among whom 
young gestational age, extensive bowel resection, and lack of 
enteral nutrition further increase the risk of liver damage.1,4 Early 
histopathologic changes characteristic to IFALD include portal 
inflammation (PI) and cholestasis, while fibrosis and steatosis 
develop with time and persist after weaning off PN.2,5

Vegetable oil–based PN solutions contain variable amounts of 
plant sterols (PSs), equivalent to cholesterol in mammals, which 

cannot be synthesized in the human body.6,7 Current research evi-
dence suggests that PSs significantly contribute to IFALD 
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Abstract
Background: Parenteral plant sterols (PSs) are considered hepatotoxic; however, liver PSs and their associations with liver injury in 
patients with intestinal failure (IF) have not been reported. Materials and Methods: We analyzed liver and serum PS (avenasterol, 
campesterol, sitosterol, and stigmasterol) concentrations and ratios to cholesterol and their associations with biochemical and histologic 
liver damage in children with IF during (n = 7) parenteral nutrition (PN) and after weaning off it (n = 9), including vegetable oil–based 
lipid emulsions. Results: Liver avenasterol, sitosterol, and total PS concentrations and cholesterol ratios were 2.4-fold to 5.6-fold higher 
in PN-dependent patients (P < .05). Parenteral PS delivery reflected liver avenasterol and sitosterol ratios to cholesterol (r = 0.83–
0.89, P = .02–.04), while serum and liver total PS levels were positively interrelated (r = 0.98, P < .01). Any liver histopathology was 
equally common while portal inflammation more frequent (57 vs 0%, P = .02) in PN-dependent patients. All liver PS fractions correlated 
positively with histologic portal inflammation (r = 0.53–0.66, P < .05), and their total concentration was significantly (P = .01) higher 
among patients with versus without portal inflammation. In PN-dependent patients, liver fibrosis and any histopathology correlated with 
liver campesterol and stigmasterol levels (r = 0.79–0.87, P ≤ .03). Conclusion: Among children with IF, parenteral PSs accumulate in the 
liver, reflect their increased serum levels, and relate with biochemical liver injury, portal inflammation, and liver fibrosis, thus supporting 
their role in promoting liver damage. (JPEN J Parenter Enteral Nutr. 2017;41:1014-1022)
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liver PS concentrations and, apart from avenasterol, with their 
ratios to cholesterol: sitosterol (r = 0.66, P < .01 for both), 
avenasterol (r = 0.56, P = .02), stigmasterol (r = 0.53, P = .03; 
r = 0.56, P = .02), campesterol (r = 0.53, P = .03; r = 0.50, P < 
.05), and liver total PS (r = 0.63, P < .01; r = 0.66, P < .01, 
respectively).

Among PN-dependent patients, liver campesterol concen-
tration and ratio correlated positively with liver fibrosis (r = 
0.79, P = .03 for both), PI (r = 0.87, P = .01 for both), and any 
histopathology (r = 0.79, P = .03 for both), whereas liver stig-
masterol concentration and ratio correlated with fibrosis (r = 
0.79, P = .03 for both) and any liver histopathology (r = 0.79, 
P = .03 for both). Table 5 displays individual liver biopsy find-
ings in relation to liver PS content, parenteral PS delivery, and 
other patient characteristics among patients receiving PN. PI 
and fibrosis tended to occur in SBS children with the highest 
liver PS content, while the patient with chronic intestinal 
pseudo-obstruction with nearly an entire small intestine 
remaining had no evidence of liver histopathology, despite 
receiving the highest amounts of parenteral fat and energy.

Discussion

Although increasing evidence suggests that parenteral PSs are 
hepatotoxic, knowledge on their tissue distribution and meta-
bolic effects is mainly based on animal models and remains 
largely unexplored in humans.4,7,10 This is the first study dem-
onstrating that liver PS levels are markedly higher during PN 
than after weaning off PN and associate closely with parenteral 
delivery of vegetable oil–based lipid emulsions, suggesting 
that parenteral PSs accumulate in the liver during PN delivery 
in patients with IF. Serum PS levels were highly predictive of 
liver PS load. In patients receiving lipid emulsions with low 
stigmasterol and campesterol contents,21 parenteral PS intake 

also reflected liver sitosterol and avenasterol ratios to choles-
terol. Serum and liver PS levels correlated with plasma GT, 
and all liver PS fractions associated with histologic PI, although 
none of the patients had biochemical cholestasis.

Hepatic accumulation of PSs during PN is thought to result 
from both their excess parenteral administration as well as 
their ability to suppress canalicular sterol transporters through 
inhibition of FXR.4,7,10 Accordingly, we found the highest liver 
concentrations for sitosterol, composing 70%–90% of total 
PSs in commercial parenteral vegetable oil lipid solutions.21,24 
Compared with soy oil–based PN, the mixture of 80% olive oil 
and 20% soy oil has a similar sitosterol content while remark-
ably lower campesterol and stigmasterol contents.21,24 
Sitosterol is secreted to bile more effectively than other PS 
fractions,11 possibly contributing to the decline of liver and 
serum PS levels after PN cessation in our patients. Indeed, 
sitosterol composed up to 90% of total PS intake in our 
patients,21,24 yet it made up 55% and 25% of total liver PS in 
patients receiving and weaned off PN, respectively. Liver stig-
masterol and campesterol concentrations, instead, did not dif-
fer in relation to PN status, and serum and liver stigmasterol 
were negatively correlated, suggesting that these PS fractions 
are probably excreted at a slower rate.11 The finding that transi-
tion from soy oil–based to olive oil–based PN may improve 
IFALD14,15,25 may in part be explained by the different PS com-
positions of these solutions.

Delivery of fish oil–based PN associates with reversal of 
IFALD.1,16 Although this has been proposed to be mediated by 
its fatty acid composition and antioxidative characteristics,26 
another possible explanation is the absence of PS in fish oil, 
supported by studies showing that adding stigmasterol to fish 
oil and administrating fish oil with soy oil can result in similar 
serum PS levels and hepatotoxicity than soy oil alone.4,9,13,16,27 
Another potential benefit of fish oil is its higher cholesterol 
content versus soy and olive oil.21 Children receiving PN fre-
quently present with abnormally low serum cholesterol, which, 
however, is essential for normal growth and development.15,28 
PSs derived from PN are able to displace cell membrane cho-
lesterol, which may decrease tissue elasticity and contribute to 
hepatocyte damage.7,29 Indeed, we found low cholesterol 
intake and low serum cholesterol to relate with PN duration as 
well as with liver fibrosis and steatosis. As serum and liver 
sterol proportions are distorted during PN, with high PS and 
low cholesterol levels reflecting the lipid profile of PN solu-
tions, the ratio of each PS fraction to cholesterol probably mir-
rors the metabolic effects of PS better than their absolute 
concentrations.

Serum PS concentrations paralleled liver PS, and both 
reflected parenteral PS intake in piglets after only 2 weeks 
receiving PN.10 Accordingly, in addition to the observed cor-
relation between PS intake and accumulation, we found serum 
total PS determination to be a useful method to estimate liver 
PS load, as these parameters were closely interrelated. No 
human data exist on the rate of hepatic PS accumulation after 

Table 4. Spearman Rank Correlations and Their P Values 
Between Serum and Liver Plant Sterol Concentrations and Ratios 
to Cholesterol.

Correlation (P Value)

Plant Sterol
PN-Dependent 
Patients (n = 6)

Patients 
Weaned Off 
PN (n = 9)

Campesterol concentration 0.54 (.27) 0.40 (.29)
 Ratio to cholesterol 0.71 (.11) 0.90 (<.01)
Stigmasterol concentration 0.41 (.43) −0.04 (.91)
 Ratio to cholesterol 0.49 (.33) −0.87 (<.01)
Sitosterol concentration 0.83 (.04) 0.24 (.53)
 Ratio to cholesterol 1.00 (.01) 0.38 (.31)
Avenasterol concentration 0.83 (.04) 0.10 (.80)
 Ratio to cholesterol 0.83 (.04) 0.59 (.10)
Total plant sterol concentration 0.83 (.04) 0.45 (.22)
 Ratio to cholesterol 0.87 (.02) 0.72 (.03)

PN, parenteral nutrition.



1020 Journal of Parenteral and Enteral Nutrition 41(6)

initiation of PN. However, if this occurs as rapidly as sug-
gested by animal studies, it could explain why PN-related cho-
lestasis occasionally manifests after few weeks of PN.2,30 Apart 
from stigmasterol and campesterol, liver PS levels were lower 
after weaning off versus during PN, suggesting that accumu-
lated PSs are eliminated after PN cessation. Moreover, serum 
PS levels of patients weaned off PN were similar to those pre-
viously reported among healthy children.8,12 Advanced liver 
damage could relate with protracted PS secretion9; however, 
advanced fibrosis or PI was not observed in any patient weaned 
off PN, although as many as 78% presented with IFALD-
related liver histology. Liver steatosis and fibrosis are known 

to persist after PN cessation,5 and our results suggest that this 
occurs regardless of dissolution of liver PS.

Experimental studies have demonstrated that sitosterol, 
stigmasterol, and campesterol downregulate FXR and decrease 
transcription of its target genes,4,10,31 which are involved in 
synthesis, uptake, and excretion of bile acids as well as excre-
tion of sterols and phospholipids. Antagonism of FXR may 
promote cholestasis through all these mechanisms.4,10 In line 
with earlier studies,6-9,12-15 we found serum and liver PSs to 
correlate with GT, a sensitive marker of cholestasis and biliary 
injury.32 In PN-dependent patients, liver campesterol and stig-
masterol also correlated with liver fibrosis. Furthermore, PS 

Figure 2. Comparisons of liver plant sterol (PS) concentrations (µg/100 g of liver tissue) between patients with (n = 4) and without 
(n = 12) histologic portal inflammation (PI). Box plots display median, upper and lower interquartile range, and range. The round dot 
represents a value larger than the upper quartile plus 1.5 times the interquartile range. P values for the differences between subgroups 
were calculated by Mann-Whitney U test.
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may advocate hepatic inflammation by downregulating FXR 
and by activating liver macrophages.4 Accordingly, all liver PS 
fractions were increased in patients with PI, which is a com-
mon early histopathologic finding in IFALD30,33 and associates 
with cholestasis5 as well as with elevated serum stigmasterol 
and avenasterol ratios in IF children.12 We found PI to associ-
ate more strongly with liver than serum PS levels, suggesting 
that the underlying cause would be the hepatic accumulation of 
PS rather than PN administration as such.

Another important mechanism in the pathogenesis of 
IFALD is proinflammatory signaling through permeable bowel 
wall, which likely promotes hepatic inflammation.4,9 Indeed, 
stigmasterol induced hepatocyte injury and inflammation in 
mice only when intestinal integrity was disrupted.34 Moreover, 
SBS children are known to be more prone to IFALD than dys-
motility patients.35 Also, in our study, the child with chronic 
intestinal pseudo-obstruction and nearly an entire small intes-
tine remaining had no histologic liver injury, despite receiving 
higher doses of parenteral lipid and PSs than any patient with 
SBS. Once an inflammatory state has been established, the 
increased cytokine signaling may further suppress FXR expres-
sion and exacerbate hepatocyte damage, suggesting that the 
development of inflammation may be crucial in IFALD pro-
gression.4,34 These data are also in line with our finding that 
liver fibrosis occurred during PN almost exclusively in the 
presence of PI.

The small sample size, use of olive oil–based and fish oil–
based PN emulsions instead of pure soy oil, and relatively well-
preserved liver function of the study patients may partly explain 
the lacking correlations between PS levels and some markers of 
liver function and cholestasis, including transaminases and bili-
rubin. Furthermore, serum and liver PSs were measured cross 
sectionally, and no entire PN history was available for all 
patients. Despite these limitations, this is the first study demon-
strating that in patients with IF, liver PS levels increase during 

parenteral delivery of vegetable oil–based lipid emulsions and 
relate with biochemical and histologic liver damage. Although 
our results do not confirm a causal relationship between liver 
PS accumulation and IFALD nor rule out other PN components 
contributing to liver injury, they support the increasingly 
favored concept proposing that PSs play a key role in the devel-
opment of IFALD.

In conclusion, significantly higher liver and serum PS lev-
els were found in children with IF who were noncholestatic 
during PN than after weaning off PN. Liver PS levels were 
related with parenteral lipid and PS administration and corre-
lated strongly with serum PS concentration. Elevated liver PS 
levels associated with GT and histologic PI, as well as with 
liver fibrosis in PN-dependent patients. In addition to future in 
vitro works unraveling further molecular mechanisms behind 
IFALD, more clinical studies are warranted to increase our 
knowledge on the metabolic effects and distribution of PSs, as 
well as safe PN administration in patients with IF.
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