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Abstract: Background: Mixed lipid emulsions (LE) containing fish oil present several advantages
compared to the sole soybean oil LE, but little is known about the safety of essential fatty acids
(EFA) profile in paediatric patients on long-term Parenteral Nutrition (PN). Aim of the study: to assess
glycerophosfolipid polyunsaturated fatty acids (PUFA) levels on plasma and red blood cell (RBC)
membrane of children on long term PN with composite LE containing fish oil (SMOF), and to compare
it with a group receiving olive oil LE (Clinoleic®) and to the reference range for age, previously
determined on a group of healthy children. Results: A total of 38 patients were enrolled, median
age 5.56 (0.9-21.86) years, 15 receiving Clinoleic®, 23 receiving SMOF. Patients on SMOF showed
significantly higher levels of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), lower
levels of arachidonic acid (ARA) and Mead acid (MEAD)/ARA ratio in plasma and RBC compared with
patients on Clinoleic® and with healthy children. Triene:tetraene (T:T) ratio of both groups of patients
did not differ from that of healthy children-median plasma (MEAD/ARA: 0.01, interquartile rage
(IQR) 0.01, p = 0.61 and 0.02, IQR 0.02, p = 0.6 in SMOF and Clinoleic® patients, respectively), and was
considerably lower than Holman index (>0.21). SMOF patients showed no statistically significant
differences in growth parameters compared with Clinoleic® patients. Patients of both groups showed
stiffness class FO-F1 of liver stiffness measure (LSM) 5.6 (IQR 0.85) in SMOF patients and 5.3 (IQR 0.90)
in Clinoleic® patients, p = 0.58), indicating absence of liver fibrosis. Conclusions: Fatty acids, measured
as concentrations (mg/L), revealed specific PUFA profile of PN patients and could be an accurate
method to evaluate nutritional status and eventually to detect essential fatty acid deficiency (EFAD).
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SMOF patients showed significantly higher EPA, DHA and lower ARA concentrations compared to
Clinoleic® patients. Both LEs showed similar hepatic evolution and growth.

Keywords: parenteral nutrition; PUFAs; composite lipid emulsions; fatty acids deficiency

1. Introduction

Intestinal failure (IF) is a malabsorptive condition characterized by inability of the gut to maintain
nutrients and hydration balance, which requires parenteral nutrition (PN) support as a lifesaving therapy [1].

Parenteral nutrition (PN), especially when carried out at home (HPN), is the preferred treatment
of intestinal failure (IF) in children. In the last 20 years, the prognosis of IF patients has improved
significantly thanks to the global innovation of this therapy and notably to the significant increase of its
safety. The development of intestinal failure-associated liver disease (IFALD) is recognized as a limiting
factor in long-term management of patients with IF and represents a major indication for intestinal
transplantation or combined liver-intestinal transplantation [2,3]. Although the pathogenesis of IFALD
is multifactorial, a correlation between the type and dose of lipid emulsion (LE) and the development
of cholestatic liver disease has been proposed [4,5]. Specifically, using pure soybean oil LE exceeding
1 g/kg/day has been proved to increase the risk of cholestasis, thus their use is not recommended in
long term HPN [6]. Moreover, prolonged restriction of lipid intake in children can lead to essential
fatty acid (EFA) deficiency with subsequent adverse effects on growth and neurodevelopment [7].
Pure fish oil lipid emulsions (FO-LE) have shown a dramatic effect on the resolution of cholestasis and
an improvement of biochemical measures of hepatobiliary function, compared to pure soybean oil
emulsions [6,8-12], but prolonged administration of pure FO-LEs carries the risk of EFA deficiency,
although this has not been demonstrated for short term treatment (1 g/kg/day for 1 month) in PN
dependent children with IF [13]. Nevertheless, the current ESPGHAN/ESPEN/ESPR/CSPEN paediatric
PN guidelines do not recommend long-term administration of pure FO-LEs as the sole source of
lipids [7]. Besides, there is insufficient or no evidence of improvement of hepatic fibrosis or extrahepatic
outcomes such as growth and cognition with this treatment [14-16].

Composite LEs containing fish oil (SMOF-30% soybean oil, 30% medium chain triglicerides-MCTs,
25% olive oil, and 15% fish oil) offer several advantages compared with those containing only soybean
oil, including high concentrations of w-3 PUFAs, DHA and EPA and antioxidant x-tocopherol, reduced
w-6 PUFA content, and a reduced phytosterol load [2,3,7,17].

Evidence from clinical observations indicates that composite LEs with fish oil reduce the risk of
cholestasis, oxidative stress and lipid peroxidation; furthermore they provide long chain poliunsatured
fatty acids LC-PUFAs (e.g., DHA, which is crucial for neonatal neurodevelopment and vision), have an
anti-inflammatory effect due to w-3 PUFA content, contain a well-balanced w-6:w-3 ratio and provide
rapidly oxidizable medium-chain fatty acids [8]. There is wide consensus in the scientific community
that composite FO-LEs should be considered as a first-line treatment in children on long term PN
with cholestasis. If intestinal rehabilitation strategies are unsuccessful, there may be a role for short
term use of pure fish oil LEs [7,18]. The use of alternative lipid sources, with or without fish oil,
may represent a potential strategy to prevent cholestasis in children with IF, together with promoting
oral feeding, which should be administered whenever possible in order to limit the risk of sepsis and
small intestinal bacterial overgrowth (SIBO) [7]. Some studies of the previous decade have shown
olive oil and fish oil-containing LEs to have nutritional advantages over soybean oil-based LEs and
similar safety profile [8,19].

Little is known about the EFA profile safety on long-term administration of composite FO-LEs.
A single study [20] on long term administration of SMOF showed a modification of fatty-acid profiles
in the red blood cells (RBCs) of children with IF, including remarkably high DHA and EPA levels and
significantly low levels of linoleic acid (LA) and arachidonic acid (ARA) at 6 months. These findings
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were not evidenced by fatty-acid profiles after short time treatment with SMOF [8,18]. In children,
more than in adults, EFA profile assessment is crucial, but it is usually performed only for research
purposes and expresses PUFA as a relative percentage [21], rather than as absolute plasma concentration.
EFAD is usually diagnosed by an elevated triene:tetraene (T:T) ratio. Being a ratio, T:T elevation
may reflect either increased oleic acid or Mead acid levels, or a reduced linoleic and linolenic acid
level, that may be the case with composite lipid emulsions compared to soybean oil lipid emulsions.
Obtaining a fatty acid profile may provide useful information to make a diagnosis of EFAD, in addition
to clinical and biochemical signs. Glycerophospholipids, which are hepatic metabolites of ingested
or infused lipids, are incorporated in RBC membrane, thus becoming structural lipids. Being not
influenced in the short term by the parenteral infusion of LEs, these molecules are an accurate measure
of long-term PUFAs status. Recently, a method to quantify PUFAs glycerophospholipids in plasma
and erythrocyte membranes by gas chromatography has been validated on healthy children [22]. Here,
we apply this method to describe the PUFAs status of children on HPN, and to assess the safety of
long-term use of composite LEs.

2. Materials and Methods

2.1. Aim of the Study

This is a multicenter observational study on PUFA status of 38 patients with IF on long-term HPN.
The aim of the study is to assess plasma and erythrocyte PUFAs profile (EPA, DHA, arachidonic acid,
MEAD) of paediatric patients on long term use of FO-LE (SMOF®) compared to a group treated with
olive oil based lipid emulsion (OO-LE) (Clinoleic®) and a previously analyzed group of age matched
healthy children. Moreover, nutritional, immune and inflammatory status, as well as organ function
and liver stiffness, were evaluated in both IF groups.

2.2. Inclusion Criteria

We included patients with IF and aged between 0 to 18 years at the time of evaluation and sample
collection, who were receiving HPN with the same LE for at least 6 months and at least 3 days/week,
with a lipid intake >0.5 g/kg/day, followed at three Italian dedicated centers: Regina Margherita
Children Hospital (Turin), Pediatric Hospital Bambino Gesu (Rome), Pediatric Hospital Giannina
Gaslini (Genoa). The choice of LE was previously and autonomously performed by each Center.

2.3. Exclusion Criteria

Patients with end stage liver disease, chronic renal insufficiency, dyslipidemia (type IV), congenital
coagulation disorders, recent septic episodes (last month), uncompensated metabolic acidosis or
diabetes mellitus, intestinal resections in the last 6 months were excluded.

Healthy Controls (HC): in order to define reference ranges, we utilized plasma and RBC
glycerophospholipid PUFA levels of 106 age-matched healthy children, whose samples had been
collected and analyzed by the Biochemical Laboratory of Citta della Salute e della Scienza of Turin for
a previous study [21].

2.4. PUFA Profile

For each patient, a quantitative determination of plasma and RBC of the following PUFAs
was performed: eicosatrienoic acid or Mead acid (w-9 20:3), arachidonic acid (ARA, w-6 20:4),
eicosapentaenoic acid (EPA, w-3 20:5), docosahexaenoic (DHA, w-3 22:6). Later, the following
variables were calculated: triene/tetraene ratio (Mead/ARA), and w-6/w-3 ratio (ARA/ (EPA + DHA)).
We focused our attention on metabolically critical PUFAs, aiming to optimize a fast, specific, robust
and accurate method that might be suitable for routine purposes [23]. In particular, following
Koletzko’s method [1,24] at first, polar lipids are selectively extracted from plasma and RBC, then the
fatty acids contained in glycerophospholipids are selectively transformed into fatty acid methyl
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ester derivatives (FAMEs) suitable for gas chromatography (GC) analysis. According to the method
developed in our laboratory [23], prepared FAMEs were analyzed through a highly specific gas
chromatography-mass spectrometry (GC-MS) approach in Selected Ion Monitoring (SIM) mode and
quantitatively determined as mg/L. Specimens analysis was centralized and performed on the same
day of the collection. Our method was recently applied to pediatric patients [22].

2.5. Data Collection

For each patient a form with anthropometric, clinical and HPN data was filled in the same day
of PUFAs sample collection by each center, based on patients’ record files during periodic check-ups.
Weight, height, body mass index (BMI) were measured and z-scores for age of each variable were
calculated using world Health Organization (WHO) growth charts for children 0-2 years old, Center
for Disease Control (CDC) growth charts for children 2-20 years old, on www.peditools.org [25]. Also,
HPN characteristics were recorded, including the number of infusions per week, lipid infusions per
week, protein intake (g/kg/day; % kcal), glucose (% kcal) and intakes expressed as energy/PN bag or as
percentage of basal energy expenditure calculated by Schofield formula. Given the impossibility to
quantify the percentage of absorbtion of the ingested PUFAs in patients with IF, we only dealt with PN
intake of energy, nutrients and PUFAs.

2.6. Biochemical Analysis

For every patient we performed complete blood count, creatinine, glomerular filtration rate (GFR),
serum electrolytes, transaminases, glutamylaminotransferase, alkaline phosphatase, total and direct
bilirubin, glucose, total and (high density lipoprotein (HDL) cholesterol, triglycerides, low density
lipoprotein (LDL) cholesterol (Friedewald formula), coagulation test, total serum proteins, albumin,
transferrin, C-reactive protein (CRP), fibrinogen, 25-OH vitamin D, parathyroid hormone (PTH),
bone alkaline phosphatase (BAP), vitamin A, E, zinc, copper, selenium—were measured to assess renal
and liver function, nutritional, bone, micronutrients status, as well as to detect eventual metabolic
complications of HPN. Transient Elastography (Fibroscan, Echosens®, Paris, France) was used to
determine liver stiffness measurements (LSM), it was performed locally, in centers sharing equal quality
criteria (see Supplementary Table S1).

2.7. Statistical Analysis

The normal distribution of the data was investigated by Shapiro-Wilk test. Continuous variables
were expressed as median, interquartile range (IQR) and minimum-maximum range, while categorical
variables as relative frequencies.

Study power analysis defined at least 14 patients/group were necessary for the desired level of
significance. Differences between groups were investigated by Mann-Whitney and Kruskal-Wallis
test, as appropriate, and considered statistically significant when p-value < 0.05. Distribution of
plasma and RBC concentrations of PUFA and their correlation were studied by ANOVA F-test, while
correlations between numerical variables were established by linear regression analysis. PUFA levels
were represented graphically by box plots (1st and 3rd quartile as box limits). Data were analyzed by
STATA v12.0 (copyright 1985-2011, StataCorp, College Station, TX, USA).

2.8. Ethical Aspects

The study was approved by the local ethical committee, protocol number CS2/1072, on the 9th
January 2019. Written informed consent was obtained from all parents or guardians of children.

3. Results

A total of 38 patients with IF were enrolled, 15 received OO-LE (Clinoleic®) and 23 received FO-
LE (SMOF®); median age of 5.56 (0.9-21.9) years; 24 (63%) were males.
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Patients” demographic and clinical characteristics, as well as HPN data of the two groups,
are reported in Table 1.

Table 1. Patients and HPN characteristics and patients” age in both lipid groups. Data expressed as
median and interquartile range (IQR).

Patients and HPN Characteristics Cll\;lr::lli?;?ﬂn Q=R}5 iahgnga Y(IIZIZ{?; p-Value
Patients’ age (years) 8.4 (1.6-18.6) 3.3(0.9-16.9) 0.097
Causes of IF—n (%)

Short Bowel Syndrome (SBS) 9 (60%) 16 (70%)
Motility disorders (CIPO) 3 (20%) 1 (4%) 0.670
Congenital enteropathies 1 (7%) 4 (17%)
Other 2 (13%) 2 (9%)
PN duration (months) 22.2 (9.8-202) 21.1 (6.9-104) 0.362
PN bags/week 7 (3-7) 7 (5-7) 0.115
Nr lipid infusions/week 6 (3-7) 6 (5-7) 0.643
Lipid intake (g/kg/day) 1.03 (0.5-1.7) 1.3 (0.5-2.5) 0.064
Lipid intake (% kcal) 24.5 (20.1-36.3) 21.5 (6.7-40.3) 0.066
Glucose intake (% kcal) 65.1 (46.0-71.0) 65.2 (48.9-86.1) 0.347
Aminoacid intake (g/kg/day) 1.05 (0.2-1.8) 1.3(0.7-3.2) 0.002

PN energy provision (Kcal/kg/day) 40.99 (12.0-62.7) 54.4 (23.9-82.8) 0.002

PN energy (% BEE)
Energy intga}l,<e (% BEE) 100 (30-100) 100 (74-118) 0.057
BMI/WFL Z-score <—2 0 (0%) 5/23 (21.7%) 0.046
Weight for age Z-score <-2 3/15 (20%) 13/23 (56.5%) 0.221
Height for age Z-score <—2 2/15 (13.3%) 9/23 (39.1%) 0.050

PN: parenteral nutrition; HPN: home parenteral nutrition; BEE: basal energy expenditure; IF: intestinal failure;
BMI: body mass index; CIPO: chronic intestinal pseudoobstruction.

No significant difference between the two groups was observed with respect to age, sex and
PN characteristics, except for the energy and aminoacidic provision by PN, which was significantly
higher in SMOF patients. Also, in the SMOF group more patients presented SBS and congenital
mucosal enteropathies, although the overall distribution of IF cause was not statistically significant
(Table 1). Glycerophospholipid PUFAs on plasma and RBC of the two groups and of healthy children
are represented in Figures 1 and 2.
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Figure 1. Plasma PUFAs in patients on SMOF or Clinoleic and healthy children: Mead acid (MA);
arachidonic acid (ARA); eicosapentaenoic acid (EPA); docosahexaenoic acid (DHA). - p-value for the
differences between 3 data series are reported in each panel. Under each panel are reported statistically
significant differences between 2 groups: SMOF vs. Clinoleic; SMOF vs. healthy children. Differences
between 2 groups: ** p < 0.01 SMOF vs. Healthy; * p < 0.01 SMOF vs. Clinoleic.
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Figure 2. RBC PUFAs in patients on SMOF or Clinoleic and healthy children: Mead acid (MA);
arachidonic acid (ARA); eicosapentaenoic acid (EPA); docosahexaenoic acid (DHA). - p-value for the
differences between 3 data series are reported in each panel. Differences between 2 groups: ** p < 0.01
SMOF vs. Healthy; * p < 0.01 SMOF vs. Clinoleic; ° p < 0.01 Clinoleic vs. Healthy.

On one hand, patients receiving composite FO-LE showed significantly higher levels of EPA and
DHA on plasma and RBC membranes, on the other and their plasma and RBC levels of ARA and Mead
acid were significantly lower, as compared both to patients receiving OO-LE and to HC. (Extensive
data in Supplementary Tables S2-S5).

Although FO-LE levels of ARA and Mead/ARA ratio in plasma and erythrocyte were lower, our
data did not demonstrated essential fatty acid deficiency (Mead/ARA > 0.21) in these patients—median
on plasma Mead/ARA 0.01, IQR 0.01; on RBC 0.002, IQR 0.0; (Figures 3 and 4) (supplementary
Tables 52-S5). Patients receiving OO-LE showed a safe Mead/ARA ratio, too (median plasma 0.02,
IOR 0.02; RBC 0.004, IQR 0.02). Nonetheless, none of the patients on PN had Mead/ARA > 0.21.
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Figure 3. Plasma and RBC MEAD/ARA and w-6/w-3 ratio in patients on Smof or Clinoleic and healthy
children. MEAD/ARA (Mead/ARA ratio); w-6/w-3 (omega3/omegé ratio). - p-value for the differences
between 3 data series are reported in each panel. Differences between 2 groups: ** p < 0.01 SMOF vs.
Healthy; * p < 0.01 SMOF vs. Clinoleic; ° p < 0.01 Clinoleic vs Healthy.
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Figure 4. Number of patients on SMOF or Clinoleic having PUFA concentrations below or over

the reference range for healthy children. ARA: arachidonic acid; EPA: eicosapentaenoic acid; DHA:
docosahexaenoic acid; MEAD: eicosatrienoic acid.

As far as plasma T:T ratio is concerned, both patients on SMOF and Clinoleic did not differ
significantly from HC. Nonetheless, statistically significant differences were observed between treatment
groups (Figure 3, Supplementary Tables 52-S5). However, dealing with concentrations rather than
percentages of fatty acids, we identified some patients having plasma concentrations of PUFAs out of
the range used for healthy children. Surprisingly, 4 patients of the Clinoleic group and only 1 patient
of the SMOF group had plasma T:T ratio above the reference range (Figure 4).

Omega-6/omega-3 ratio differed significantly between patients and healthy children; specifically,
patients on FO-LE had the lowest levels both in plasma and in erythrocyte’s membrane. OO-LE
patients had an RBC w-6/w-3 ratio similar to HC, while plasma levels differed significantly (Figure 3,
Supplementary Tables S2-55). Moreover, w-6/w-3 ratio in patients samples differed dramatically
from the ratio of their LEs (9:1 in Clinoleic®; 2.5:1 in SMOF); as far as FO-LE is concerned, the EPA
infused/dosed ratio (mg/L) is lower (0.16, IQR 0.22) than the DHA one (0.6, IQR 0.46)—data not showed.

A stratified analysis of PUFA levels by different age groups (0-2; 2-6; >6 years) was also performed,
following the cut-off of age previously suggested [26] (Supplementary Table S6), and showed no
statistically significant difference between the two groups of patients, except for plasma DHA in SMOF
patients, which tends to decrease from 0-2 to >6 years of age (p = 0.0045), (Supplementary Table S6).
This phenomenon was not observed in HC.

Furthermore, the correlation between RBC and plasma levels of PUFAs in patients and HC was
analysed. Our data demonstrated that plasma concentrations are representative of RBC levels both in
patients (1 = 38) and in controls (n = 106): Mead R2 = 0.7206, p < 0.001; ARA R2 = 0.0943, p < 0.001;
EPA R2 = 0.6005, p < 0.001; DHA R2 = 0.4604, p < 0.001; Mead/ARA R2 = 0.9653, p < 0.001; w-6/w-3
R2 =0.9451, p < 0.001 (Supplementary Figure S1).

As far as anthropometric evaluation is concerned, median Z-score of weight, height or BMI
for age tended to be lower in FO-LE patients, but differences were not statistically significant if
compared to OO-LE group patients (Supplementary Table S7). Nevertheless, 5/23 (21.7%) of patients
on FO-LE were malnourished (BMI or weight for age z-score <—2), whilst none of the patients
on OO-LE had malnutrition, and height for age z-score was <—2 in 39.1% vs. 13.3%, respectively,
although the differences did not reach statistical significance (Table 1). Nonetheless, linear regression
analysis showed no correlation among ARA concentrations and any of the anthropometric parameters
considered, neither in FO-LE nor in OO-LE patients.



Nutrients 2020, 12, 3748 8 of 12

All the biochemical analysis performed, including markers of inflammation, antioxidants, renal and
liver function tests, bone, nutritional as well as vitamin and oligomineral status, were similar in both
groups of patients (Supplementary Table S8).

Transient Liver elastography was performed in 21/38 patients, 8/23 patients on SMOF—median
LSM 5.6 (IQR 0.85) and 12/15 patients on Clinoleic®—median LSM 5.3 (IQR 0.90), (p = 0.58); patients of
both groups showed stiffness class FO-F1, corresponding to no liver fibrosis.

4. Discussion

The significant improvement of survival, efficacy and safety of long-term PN in children with IF
has to be at least partially attributed to refinements in the composition and delivery of PN, including
the use of well-adapted aminoacidic solutions, the avoidance of excess glucose intake, the adoption of
cyclical PN infusion, and the development of mixed-oil lipid emulsions. Indeed, IFALD in pediatric
patients is not usually caused by the modern PN solutions [27]. First generation soy oil-based LEs are
no longer indicated in pediatric IF patients on long term PN [6]. Metabolic benefits of composite third
generation LE, containing fish oil, are due to more favorable w-6/w-3 ratio (2.5:1), vitamin E provision
(200 mg/100 mL vs. 32 mg/100 mL respectively in SMOF® and Clinoleic®) (Table 2), reduced amount
of phytosterols and anti-inflammatory and immunomodulatory effects conferred by PUFA w-3 [8].

Table 2. Lipid emulsion composition; EPA: docosaesaenoic acid; EPA: eicosapentaenoic acid; MCT:
medium chain triglycerides. Modified from [28].

Product Name Clinoleic® Smof® Lipid
Lipid source 20% soybean oil, 80% olive oil 3;)5@0521};522‘(25111’53/? ijS}I\:[ S;r ’
Soybean oil (g/L) 40 60
MCT (g/L) 0 60
Olive oil (g/L) 160 50
Fish oil (g/L) 0 30
Lipidic composition
Linoleic acid (%; g/L) 18.5; 18 21.4; 58
a-Linolenic acid (%; g/L) 2;2 256
Arachidonic acid (g/L) 0,6 1
EPA (%; g/L) 0;0 3,6
DHA (%; g/L) 0;0 2;1
w-6: w-3 ratio 9:1 2.5:1
a-Tocopherol (mg/L) 32 200
Phytosterols (mg/L) 327 +8 47.6

Two studies on adult patients receiving HPN had consistent results regarding clinical safety and
efficacy, demonstrating that composite LE containing olive oil and soya oil were well-tolerated and
maintained a normal EFA status, without affecting liver function [29,30]. Another study shown that
OO-LEs have a better impact on liver function than soybean oil based LEs in HPN adult patients [31].

Being configured as safety studies, previous studies on adult and pediatric patients had a maximum
of 4 weeks of duration [32]. Our study compares PUFAs profile of patients on SMOF® or Clinoleic®
for at least 6 months.

Overall, our data suggest the safety profile of composite LEs for long term parenteral use, as shown
by the MEAD/ARA ratio. Even if the ratio was far from Holman index value 0.21 (Supplementary
Tables S2-S5), none of our patients receiving SMOF® developed EFAD. However, they showed a
peculiar PUFA profile when compared to the Clinoleic® group and healthy controls. Considering
this, Holman index could not be the best criterion to monitor these patients, as LE may artificially
influence individual w-3 and w-6 FAs and the T:T ratio. Consequently, the method used to measure
fatty acids and the reference ranges established need to be taken into account, when interpreting these
parameters [33].
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Furthermore, also biochemical features of EFAD such as elevated liver enzymes, hyperlipidemia
and altered platelet aggregation can be a consequence of LE administration [34]. Here, by quantifying
fatty acids as concentrations, we highlighted a specific PUFA profile of PN patients, which is consistent
with other studies [33,35]. Considering this, we believe that defining specific PUFA range for patients
receiving long-term LE by applying our method could provide a more accurate tool to early detect
metabolic alterations and, eventually, onset of PN complication.

None of our patients receiving SMOF®, which was chosen in high risk patients for its beneficial
role on preventing inflammation and cholestasis, developed EFAD. The biologically active w-3 FA
molecules (EPA and DHA) contained in SMOF®, have been shown to suppress the w-6 cascade,
determining a reduction of the relative PUFA w-6 metabolite, arachidonic acid (ARA) [36,37]. Our data
are consistent with preliminary data by Goulet et al. in paediatric patients, showing higher DHA and
EPA levels and significantly lower levels of linoleic acid and arachidonic acid, after 6-38 months of
HPN with SMOF® compared with controls receiving SO-LE [8]. These data were not evidenced in
short term treatment [38].

Not only does the use of SMOF assure a safe triene:tetraene ratio, but also it has a non-significant
effect on growth, although ARA levels were significantly lower in plasma and RBC of these patients,
as compared either to those of the Clinoleic® group or to HC (Figures 1 and 2), consistently with data
by Goulet et al. [8]. A recent study showed adequate somatic growth in a large cohort of children with
IF treated with FO-LE (Omegaven®). However, dealing with data from 2000-2007, the study was
unable to evaluate the effects of newer composite IV lipid emulsions [39].

Our study was not powered to investigate all the potential causes of IFALD so we are not able
to sustain the exact role of the LE, but these data may be helpful to clinicians. As attended, EPA and
DHA concentrations in plasma and RBC of our patients receiving FO-LE were significantly higher if
compared with OO-LE patients (Figures 1 and 2). According to a pathophysiological model of non
alcoholic steatohepatitis (NASH), impaired hepatic fatty acid desaturation and unbalanced w-6 to -3
ratio plays a role in the pathogenesis of NASH. Restoration of hepatic w-3 content by an exogenous
w-3 enriched diet, significantly reduced intracellular lipid accumulation and inflammatory injury in
hepatocytes [40]. Linoleic and alfa linolenic acid provision is similar in the Clinoleic® and SMOF®
groups, whilst EPA and DHA provided only by SMOF® might exert additional protective effect on
liver [33].

Last but not least, we propose a new method for routine clinical use. Indeed, even if fatty acid
composition of erythrocyte membranes is an accurate index of PUFA status [24], as it accurately reflects
both oral and intravenous intakes, it is prone to peroxidation artefacts and needs a high complexity
laboratory procedure. Conversely, our method to determine plasma concentration of PUFAs has
revealed to be simple, less expensive and well correlated with RBC concentrations (Figure 4) [23],
reflecting the bioactive fraction of phospholipid PUFAs [41].

In summary, our study demonstrates a peculiar PUFA profile in patients receiving long-term LE;
this profile depends on the composite LE administered and is associated with no significant alteration
in liver function, biochemical tests and growth parameter. Strengths of our study include its multicenter
structure, the long-term follow-up of patients receiving two composite LEs and the innovation of the
method, which is applied for clinical purpose for the first time, as far as we known. Weakness include
non-quantification of oral intakes and the non-randomization of the LEs, which was independently
chosen by the clinicians based on the patients’ needs and could have had an impact on the results.

5. Conclusions

Composite lipid emulsions containing fish oil alter PUFA profile in long term HPN patients
when compared to healthy children or patients receiving olive oil LE. For that reason, we suggest that
determination of fatty acid profile should be part of the complex management of patients on long
term PN, to ensure accurate monitoring of long-term PN outcomes. Although no EFA deficiency has
been detected in both SMOF® or Clinoleic® patients according to Holman index, some patients of
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both groups showed a T:T ratio over the upper reference range for healthy children. FA composition
of the LE, including the downstream metabolites of PUFA (AA, DHA, and EPA) as well as clinical
status must be taken into account while evaluating the risk of EFAD, although the pathogenesis is
multifactorial. On the basis of our results, both lipid emulsions assure adequate liver function and
growth. High EPA and DHA concentrations provided by SMOF may be of clinical significance. Further
studies are needed to confirm our observations and possibly demonstrate our suggestions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/12/3748/s1,
Table S1: Quality requirements/criteria of Transient Elastography (Fibroscan, Echosens®, Paris, France); Table S2:

PUFAs concentrations in plasma and erythrocyte membranes in HPN patients treated with SMOF® or Clinoleic®
and in healthy children; Table S3: PUFAs concentrations on plasma and erythrocyte membranes in HPN patients

treated with SMOF® or Clinoleic®; Table S4: PUFAs concentrations on plasma and erythrocyte membranes in HPN
Patients treated with SMOF® and in healthy children; Table S5: PUFAs concentrations on plasma and erythrocyte
membrane profile in HPN Patients treated with Clinoleic® and in healthy children; Table S6: PUFAs concentrations

in plasma and red blood cell membranes of HPN patients treated with SMOF® and Clinoleic® divided by age
groups; Table S7: Anthropometrics values; Table S8: Laboratory tests: biochemical indices of inflammation,
antioxidants, renal and liver function, bone, nutritional as well as vitamin and oligomineral status in patients

treated with SMOF® or Clinoleic®; Figure S1: Correlation between plasma and RBC PUFAs concentrations.

Author Contributions: Conceptualization, A.L.; methodology, M.P.P., PM. and L.D.; software, A.L.; validation,
A.L, M.PP; formal analysis, A.L.; investigation, V.D.; resources, A.D.E, MM., T.C., A.D. and A.L,; data curation,
V.D,, EL., P.G,; writing—original draft preparation, A.L., S.B., EL. and M.P.P; writing—review and editing, A.L.

and L.B.; supervision, A.L.; project administration, A.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Goulet, O.; Ruemmele, F. Causes and Management of Intestinal Failure in Children. Gastroenterology 2006,
130, S16-S28. [CrossRef]

2. Goulet, O.; Joly, E; Corriol, O.; Colomb-Jung, V. Some new insights in intestinal failure-associated liver
disease. Curr. Opin. Organ Transplant. 2009, 14, 256-261. [CrossRef] [PubMed]

3.  Goulet, O.]. Intestinal Failure-Associated Liver Disease and the Use of Fish Oil-Based Lipid Emulsions.
World. Rev. Nutr. Diet. 2015, 112, 90-114. [CrossRef] [PubMed]

4. Cavicchi, M.; Beau, P; Crenn, P; Degott, C.; Messing, B. Prevalence of Liver Disease and Contributing Factors
in Patients Receiving Home Parenteral Nutrition for Permanent Intestinal Failure. Ann. Intern. Med. 2000,
132,525-532. [CrossRef] [PubMed]

5. Colomb, V,; Jobert-Giraud, A.; Lacaille, F.; Goulet, O.; Fournet, ].-C.; Ricour, C. Role of Lipid Emulsions in
Cholestasis Associated with Long-Term Parenteral Nutrition in Children. J. Parenter. Enter. Nutr. 2000, 24,
345-350. [CrossRef] [PubMed]

6. Hartman, C.; Shamir, R.; Simchowitz, V.; Lohner, S.; Cai, W.; Decsi, T.; Braegger, C.; Bronsky, J.; Campoy, C.;
Carnielli, V.; et al. Espghan/Espen/Espr/Cspen guidelines on pediatric parenteral nutrition: Complications.
Clin. Nutr. 2018, 37, 2418-2429. [CrossRef]

7. Lapillonne, A.; Mis, N.F; Goulet, O.; Akker, CH.V.D.; Wu, J.; Koletzko, B.; Braegger, C.; Bronsky, J.; Cai, W.;
Campoy, C.; et al. Espghan/Espen/Espr/Cspen guidelines on pediatric parenteral nutrition: Lipids. Clin. Nutr.
2018, 37, 2324-2336. [CrossRef]

8.  Goulet, O.; Lambe, C. Intravenous lipid emulsions in pediatric patients with intestinal failure. Curr. Opin.
Organ Transplant. 2017, 22, 142-148. [CrossRef]

9.  Gura, KM,; Duggan, C.P; Collier, S.B.; Jennings, R.W.; Folkman, J.; Bistrian, B.R.; Puder, M. Reversal of
Parenteral Nutrition-Associated Liver Disease in Two Infants With Short Bowel Syndrome Using Parenteral
Fish Oil: Implications for Future Management. Pediatrics 2006, 118. [CrossRef]

10. Gura, KM;; Lee, S.; Valim, C.; Zhou, J.; Kim, S.; Modi, B.P.; Arsenault, D.A.; Strijbosch, R.A.M.; Lopes, S.;
Duggan, C.P; et al. Safety and Efficacy of a Fish-Oil-Based Fat Emulsion in the Treatment of Parenteral
Nutrition-Associated Liver Disease. Pediatrics 2008, 121, e678-e686. [CrossRef]


http://www.mdpi.com/2072-6643/12/12/3748/s1
http://dx.doi.org/10.1053/j.gastro.2005.12.002
http://dx.doi.org/10.1097/MOT.0b013e32832ac06f
http://www.ncbi.nlm.nih.gov/pubmed/19444108
http://dx.doi.org/10.1159/000365604
http://www.ncbi.nlm.nih.gov/pubmed/25471806
http://dx.doi.org/10.7326/0003-4819-132-7-200004040-00003
http://www.ncbi.nlm.nih.gov/pubmed/10744588
http://dx.doi.org/10.1177/0148607100024006345
http://www.ncbi.nlm.nih.gov/pubmed/11071594
http://dx.doi.org/10.1016/j.clnu.2018.06.956
http://dx.doi.org/10.1016/j.clnu.2018.06.946
http://dx.doi.org/10.1097/MOT.0000000000000396
http://dx.doi.org/10.1542/peds.2005-2662
http://dx.doi.org/10.1542/peds.2007-2248

Nutrients 2020, 12, 3748 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Puder, M,; Valim, C.; Meisel, ].A.; Le, H.D.; De Meijer, V.E.; Robinson, E.M.; Zhou, J.; Duggan, C.; Gura, KM.
Parenteral Fish Oil Improves Outcomes in Patients With Parenteral Nutrition-Associated Liver Injury.
Trans. Meet. Am. Surg. Assoc. 2009, 127, 39—-46. [CrossRef] [PubMed]

Diamond, I.R.; Sterescu, A.; Pencharz, P.B.; Kim, ].H.; Wales, PW. Changing the Paradigm: Omegaven for
the Treatment of Liver Failure in Pediatric Short Bowel Syndrome. |. Pediatr. Gastroenterol. Nutr. 2009, 48,
209-215. [CrossRef] [PubMed]

De Meijer, VE.; Le, H.D.; Meisel, J.A.; Gura, K.M.; Puder, M. Parenteral Fish Oil as Monotherapy Prevents
Essential Fatty Acid Deficiency in Parenteral Nutrition-dependent Patients. ]. Pediatr. Gastroenterol. Nutr.
2010, 50, 212-218. [CrossRef] [PubMed]

Hojsak, I.; Colomb, V,; Braegger, C.; Bronsky, J.; Campoy, C.; Domellsf, M.; Embleton, N.; Mis, N.F.,; Hulst, ].M.;
Indrio, E; et al. ESPGHAN Committee on Nutrition Position Paper. Intravenous Lipid Emulsions and Risk
of Hepatotoxicity in Infants and Children. ]. Pediatr. Gastroenterol. Nutr. 2016, 62, 776-792. [CrossRef]
[PubMed]

Wales, PW.; Allen, N.; Worthington, P.; George, D.; Compher, C.; Teitelbaum, D.; Malone, A.; Jaksic, T.;
Ayers, P,; Baroccas, A.; et al. A.S.PE.N. Clinical Guidelines. ]. Parenter. Enter. Nutr. 2014, 38, 538-557.
[CrossRef]

Seida, J.C.; Mager, D.R.; Hartling, L.; VanderMeer, B.; Turner, ] M. Parenteral w-3 Fatty Acid Lipid Emulsions
for Children With Intestinal Failure and Other Conditions. J. Parenter. Enter. Nutr. 2012, 37, 44-55. [CrossRef]
Klek, S. Omega-3 Fatty Acids in Modern Parenteral Nutrition: A Review of the Current Evidence. J. Clin. Med.
2016, 5, 34. [CrossRef]

Martindale, R.G.; Berlana, D.; Boullata, J.I; Cai, W.; Calder, P.C.; Deshpande, G.H.; Evans, D.;
Garcia-De-Lorenzo, A.; Goulet, O.].; Li, A.; et al. Summary of Proceedings and Expert Consensus Statements
From the International Summit “Lipids in Parenteral Nutrition ”. . Parenter. Enter. Nutr. 2020, 44, S7-S20.
[CrossRef]

Jones, C.J.; Calder, P.C. Influence of different intravenous lipid emulsions on fatty acid status and laboratory
and clinical outcomes in adult patients receiving home parenteral nutrition: A systematic review. Clin. Nutr.
2018, 37, 285-291. [CrossRef]

Goulet, O.; Lambe, C.; Talbotec, C.; Poisson, C.; Rocha, A.; Postaire, M.; Clément, R.; Lamaziere, A.;
Maubert, M.; Wolff, C. Intravenous lipid emulsion containing 15% fish oil provides a new red blood cell fatty
acids profile [abstract]. Transplantation 2017, 101, S73. [CrossRef]

Glaser, C.; Demmelmair, H.; Koletzko, B. High-throughput analysis of fatty acid composition of plasma
glycerophospholipids[S]. J. Lipid Res. 2009, 51, 216-221. [CrossRef] [PubMed]

Derevlean, L.; D’Onofrio, V.; Lezo, A.; Massarenti, P.; Mengozzi, G.; Puccinelli, M. Standardization of Routine
Quantification of Polyunsaturated Acids in Pediatric Total Parenteral Nutrition. Nutrition 2020, 110916.
[CrossRef]

Manca, A.; Alladio, E.; Casalini, V.; Puccinelli, M.P,; Massarenti, P.; Pazzi, M.; Aprile, S.; De Francesco, A.;
Mengozzi, G.; D’Avolio, A. Novel "Matrix-Corrected Calibration" study for the detection of polyunsaturated
fatty acids (PUFAs) in plasma and erythrocytes by means of a gas chromatography-mass spectrometry
approach optimized to follow up long-term parental patients. J. Pharm. Biomed. Anal. 2019, 176, 112764.
[CrossRef] [PubMed]

Klem, S.; Klingler, M.; Demmelmair, H.; Koletzko, B. Efficient and Specific Analysis of Red Blood Cell
Glycerophospholipid Fatty Acid Composition. PLoS ONE 2012, 7, e33874. [CrossRef]

Chou, J.H.; Roumiantsev, S.; Singh, R. PediTools Electronic Growth Chart Calculators: Applications in
Clinical Care, Research, and Quality Improvement. J. Med. Int. Res. 2020, 22, e16204. [CrossRef]

Glaser, C.; Demmelmair, H.; Sausenthaler, S.; Herbarth, O.; Heinrich, J.; Koletzko, B. Fatty Acid Composition
of Serum Glycerophospholipids in Children. |. Pediatr. 2010, 157, 826-831.el. [CrossRef]

Dai, Y.-].; Sun, L.-L.; Li, M.-Y,; Ding, C.-L,; Su, Y.-C.; Sun, L.-J.; Xue, S.-H.; Yan, F; Zhao, C.-H.; Wang, W.
Comparison of Formulas Based on Lipid Emulsions of Olive Oil, Soybean Oil, or Several Oils for Parenteral
Nutrition: A Systematic Review and Meta-Analysis. Adv. Nutr. 2016, 7, 279-286. [CrossRef]

Meisel, ].A.; Le, H.D.; De Meijer, V.E.; Nose, V.; Gura, KM.; Mulkern, R.V.; Akhavan Sharif, M.R.; Puder, M.
Comparison of 5 intravenous lipid emulsions and their effects on hepatic steatosis in a murine model.
J. Pediatr. Surg. 2011, 46, 666—-673. [CrossRef]


http://dx.doi.org/10.1097/SLA.0b013e3181b36657
http://www.ncbi.nlm.nih.gov/pubmed/19661785
http://dx.doi.org/10.1097/MPG.0b013e318182c8f6
http://www.ncbi.nlm.nih.gov/pubmed/19179884
http://dx.doi.org/10.1097/MPG.0b013e3181bbf51e
http://www.ncbi.nlm.nih.gov/pubmed/20038849
http://dx.doi.org/10.1097/MPG.0000000000001121
http://www.ncbi.nlm.nih.gov/pubmed/26825766
http://dx.doi.org/10.1177/0148607114527772
http://dx.doi.org/10.1177/0148607112450300
http://dx.doi.org/10.3390/jcm5030034
http://dx.doi.org/10.1002/jpen.1746
http://dx.doi.org/10.1016/j.clnu.2016.12.026
http://dx.doi.org/10.1097/01.tp.0000521389.47242.3d
http://dx.doi.org/10.1194/jlr.D000547
http://www.ncbi.nlm.nih.gov/pubmed/19654422
http://dx.doi.org/10.1016/j.nut.2020.110916
http://dx.doi.org/10.1016/j.jpba.2019.07.012
http://www.ncbi.nlm.nih.gov/pubmed/31401460
http://dx.doi.org/10.1371/journal.pone.0033874
http://dx.doi.org/10.2196/16204
http://dx.doi.org/10.1016/j.jpeds.2010.05.001
http://dx.doi.org/10.3945/an.114.007427
http://dx.doi.org/10.1016/j.jpedsurg.2010.08.018

Nutrients 2020, 12, 3748 12 of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Reimund, J.-M.; Rahmi, G.; Escalin, G.; Pinna, G.; Finck, G.; Muller, C.D.; Duclos, B.; Baumann, R. Efficacy
and safety of an olive oil-based intravenous fat emulsion in adult patients on home parenteral nutrition.
Aliment. Pharmacol. Ther. 2005, 21, 445-454. [CrossRef]

Thomas-Gibson, S.; Jawhari, A.; Atlan, P; Le Brun, A.; Farthing, M.; Forbes, A. Safe and efficacious prolonged
use of an olive oil-based lipid emulsion (ClinOleic) in chronic intestinal failure. Clin. Nutr. 2004, 23, 697-703.
[CrossRef]

Vahedi, K.; Atlan, P; Joly, F; Le Brun, A.; Evard, D.; Perennec, V.; Roux-Haguenau, D.; Bereziat, G.; Messing, B.
A 3-month double-blind randomised study comparing an olive oil- with a soyabean oil-based intravenous
lipid emulsion in home parenteral nutrition patients. Br. J. Nutr. 2005, 94, 909-916. [CrossRef] [PubMed]
Klek, S.; Chambrier, C.; Singer, P.; Rubin, M.; Bowling, T.; Staun, M.; Joly, F.; Rasmussen, H.; Strauss, B.J.;
Wanten, G.; et al. Four-week parenteral nutrition using a third generation lipid emulsion (SMOFlipid)—A
double-blind, randomised, multicentre study in adults. Clin. Nutr. 2013, 32, 224-231. [CrossRef] [PubMed]
Gramlich, L.; Ireton-Jones, C.; Miles, ].M.; Morrison, M.; Pontes-Arruda, A. Essential Fatty Acid Requirements
and Intravenous Lipid Emulsions. ]. Parenter. Enter. Nutr. 2019, 43, 697-707. [CrossRef] [PubMed]
Anez-Bustillos, L.; Dao, D.T.; A Baker, M.; Fell, G.L.; Puder, M.; Gura, K.M. Intravenous Fat Emulsion
Formulations for the Adult and Pediatric Patient: Understanding the Differences. Nutr. Clin. Pract. 2016, 31,
596-609. [CrossRef]

Kish-Trier, E.; Schwarz, E.; Pasquali, M.; Yuzyuk, T. Quantitation of total fatty acids in plasma and serum by
GC-NCI-MS. Clin. Mass Spectrom. 2016, 2, 11-17. [CrossRef]

Le, H.D.; Meisel, ]J.A.; De Meijer, V.E.; Gura, K.M.; Puder, M. The essentiality of arachidonic acid and
docosahexaenoic acid. Prostaglandins Leukot. Essent. Fat. Acids 2009, 81, 165-170. [CrossRef]

Das, U. Essential Fatty Acids—A Review. Curr. Pharm. Biotechnol. 2006, 7, 467-482. [CrossRef]

Goulet, O.; Antébi, H.; Wolf, C.; Talbotec, C.; Alcindor, L.-G.; Corriol, O.; Lamor, M.; Colomb-Jung, V. A New
Intravenous Fat Emulsion Containing Soybean Oil, Medium-Chain Triglycerides, Olive Oil, and Fish Oil.
J. Parenter. Enter. Nutr. 2010, 34, 485-495. [CrossRef]

Raphael, B.P.; Mitchell, P.D.; Gura, K.M.; Potemkin, A K.; Squires, R.H.; Puder, M.; Duggan, C.P. Growth in
Infants and Children With Intestinal Failure-associated Liver Disease Treated With Intravenous Fish Oil.
J. Pediatr. Gastroenterol. Nutr. 2020, 70, 261-268. [CrossRef]

Lopez-Vicario, C.; Gonzélez-Périz, A.; Rius, B.; Moran-Salvador, E.; Garcia-Alonso, V.; Lozano, ].J.; Bataller, R.;
Cofan, M.; Kang, ].X.; Arroyo, V,; et al. Molecular interplay between A5/A6 desaturases and long-chain fatty
acids in the pathogenesis of non-alcoholic steatohepatitis. Gut 2014, 63, 344-355. [CrossRef]

Wanten, G.J.; Calder, P.C. Immune modulation by parenteral lipid emulsions. Am. J. Clin. Nutr. 2007, 85,
1171-1184. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1365-2036.2005.02354.x
http://dx.doi.org/10.1016/j.clnu.2003.11.007
http://dx.doi.org/10.1079/BJN20051550
http://www.ncbi.nlm.nih.gov/pubmed/16351767
http://dx.doi.org/10.1016/j.clnu.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22796064
http://dx.doi.org/10.1002/jpen.1537
http://www.ncbi.nlm.nih.gov/pubmed/30908685
http://dx.doi.org/10.1177/0884533616662996
http://dx.doi.org/10.1016/j.clinms.2016.12.001
http://dx.doi.org/10.1016/j.plefa.2009.05.020
http://dx.doi.org/10.2174/138920106779116856
http://dx.doi.org/10.1177/0148607110363614
http://dx.doi.org/10.1097/MPG.0000000000002551
http://dx.doi.org/10.1136/gutjnl-2012-303179
http://dx.doi.org/10.1093/ajcn/85.5.1171
http://www.ncbi.nlm.nih.gov/pubmed/17490951
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Aim of the Study 
	Inclusion Criteria 
	Exclusion Criteria 
	PUFA Profile 
	Data Collection 
	Biochemical Analysis 
	Statistical Analysis 
	Ethical Aspects 

	Results 
	Discussion 
	Conclusions 
	References

