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INTRODUCTION

ABSTRACT
Patients undergoing allogeneic stem cell transplantation usually require nutritional support. There is no consen-
sus on whether enteral support through tube feeding should be preferred. A recent randomized study could not
detect any difference between enteral and parenteral feeding with regard to post-transplant outcomes, whereas 2
retrospective studies described an association between enteral feeding and a favorable post-transplant outcome.
We compared pre- and post-transplant plasma metabolomic profiles for 10 patients receiving mainly enteral
nutritional support and 10 patients receiving mainly parenteral support. Samples were collected before condition-
ing and 3 weeks post-transplant; 824 metabolites were analyzed using mass spectrometry. The pretransplant
metabolite profiles showed a significant overlap between the 2 groups. Post-transplant samples for both patient
groups showed an increase of secondary bile acids and endocannabinoids, whereas reduced levels were seen for
food preservatives, plasmalogens, and retinol metabolites. The main post-transplant differences between the
groups were decreased levels of fatty acids and markers of mitochondrial activation in the control group, indicat-
ing that these patients had insufficient energy intake. A significant effect was also seen for heme/bilirubin metabo-
lism for the parenteral support. To conclude, allotransplant recipients showed altered metabolic profiles early
after transplantation; this was mainly due to the conditioning/transplantation/reconstitution, whereas the type of
nutritional support had minor effects.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.

Due to the high incidence of post-transplant weight loss,

Gastrointestinal complications are common after allogeneic
(hematopoietic) stem cell transplantation (ASCT) [1,2]. Most
patients experience weight loss during the early post-trans-
plant period, but this weight loss is transient for most patients
and with no or little clinical impact [3]. However, persistent
weight loss and later chronic graft-versus-host disease
(GVHD) are highly correlated and associated with an increased
risk of nonrelapse mortality due to the combined effect of
immune dysregulation and malnutrition [1,4,5].
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both European and US guidelines recommend allotransplant
recipients to undergo nutritional screening and to receive par-
enteral nutritional support during the early post-transplant
period [6]. However, there is currently no agreement with
regard to the optimal time point to start (pre-emptive or “on-
demand”) and whether there is a benefit of early nutritional
intervention [7-9]. Furthermore, the current clinical and bio-
chemical tools used to assess when to initiate nutritional sup-
port rely on traditional and nonspecific clinical or laboratory
parameters [7]. The dosing of total parenteral nutrition is often
individualized based on calculations of estimated energy need
[7,10]. Finally, there is no general agreement on the best route
of nutritional support in allotransplant recipients. The experi-
ence from certain other diseases (e.g., pancreatitis) suggests
that enteral nutrition reduces risk of complications in critically
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ill patients [11-14]. Although 2 retrospective observational stud-
ies suggested that enteral feeding is associated with a reduction
of post-transplant complications after ASCT [15,16], there is no
consensus on whether tube feeding during the early post-trans-
plant is beneficial [7,17,18]. In a recent randomized study, we
investigated the effects of individualized and preferably enteral
feeding early after allotransplantation [18,19]. In this study,
enteral and individualized nutritional support did not have a sig-
nificant effect on post-transplant nutritional status measured by
the scored Patient-Generated Subjective Global Assessment, fre-
quency and severity of infections, frequency of acute GVHD, or
death rate at 3 months post-transplant. There was no significant
effect on self-reported quality of life measured by the European
Organisation for Research and Treatment of Cancer Quality of
Life Questionnaire Core 30 questionnaire either.

Further studies are definitely needed to clarify the optimal
nutritional support for allotransplant recipients during the first
weeks after transplantation. It has previously been shown that
the pretransplant systemic metabolic profile is associated with
clinical outcome after ASCT [20,21]. In this study, we therefore
used data from our randomized trial and compared the early
(i.e., day +21) post-transplant systemic metabolic profiles of
allotransplant recipients receiving individualized and prefera-
bly enteral support to ensure adequate energy and protein
intake compared with controls receiving standard and mainly
parenteral nutritional support.

METHODS
Study Design and Patient Selection

All our patients were included in the NASQ clinical study (Individualized
Nutrition for Adult Recipients of Allogeneic Stem Cell Transplants, clinical
trial identifier NCT01181076); this study included collection of blood samples
and was approved by the Regional Committee for Medical and Health
Research Ethics South East Norway (#5-09136¢ 2009/2115; approved in
2009). A detailed description of the NASQ study including study design and
clinical outcome has been described previously [18,19]. Briefly, in this study,
allotransplant recipients were randomized to receive individualized nutri-
tional support (referred to as the intervention group) or standard of care
(referred to as the control group). In the intervention group, the intention
was to secure adequate oral/enteral protein and energy intake based on rest-
ing energy requirement (30 to 40 kcal/kg/d, minimum of 1.5 g protein/kg/d).
The intake was monitored daily and patients able to eat received oral supple-
ments. A nasojejunal tube was inserted 3 to 5 days post-transplant to facili-
tate enteral nutrition during the post-transplant period. Thus, the major
difference between the groups was the nutritional support from days 3 to 5
post-transplant when the tube was inserted until days 17 to 23 post-trans-
plant when the second sample was collected. Patients in the intervention
group not able to secure adequate enteral energy intake were given supple-
mentary parenteral nutrition. The patients in the control group were treated
according to institutional guidelines and total parenteral nutrition was pro-
vided by the attending physician. According to generally accepted guidelines,
the daily nutrition should then be an energy intake corresponding to 25 to 30
kcal/kg/d, and this parenteral nutrition was usually started after 1 to 3 days
with an oral intake less than 50% of the estimated energy requirements [7].
The nutritional support for the control patients was mainly based on paren-
teral nutrition, and placement of a nasogastric/jejunal feeding tube was not
used as a routine. Even though the dietary intake of the control group was
not monitored to avoid cross-contamination between the 2 study arms, the
control group required more extensive parenteral nutritional (i.e., same num-
ber of days but a larger fraction of the energy demand) based on the daily
clinical evaluation, including estimation of the oral intake. Parenteral nutri-
tion always included supplementation with trace elements (Tracel, Fresenius
Kab) together with water and fat-soluble vitamins (Solu-vit, Fresenius Kabi
and Vitalipid, Fresenius Kabi), but glutamine supplementation was not pro-
vided. For a detailed description of the different products used for nutritional
support, refer to Supplementary Table S1.

We investigated 2 contrasting patient groups, and each group included
10 patients. Our enteral nutrition or intervention group corresponded to
those patients who received the lowest fraction of parenteral support and
thus being able to receive a major part of their post-transplant nutrition by
the oral or enteral route. The parenteral nutrition of our control group
included those patients from the clinical study control group who received
less oral/enteral nutrition than the others and thus received mainly paren-
teral nutrition. Both groups were allowed to eat by mouth.

The present project was approved by the Regional Ethics Committee (REK
Vest 2013/634, March 19, 2013; REK Vest 2015/1410, June 19, 2015). In our
present study, we investigated 2 groups of contrasting patients, each group
including 10 patients (Table 1). The 10 selected patients from the interven-
tion group included those patients in the study who tolerated enteral feeding
best throughout the whole post-transplant period and thereby received the
least parenteral nutrition (i.e., enteral feeding was the major part of their
nutritional support and the use of parenteral nutrition was therefore signifi-
cantly lower for these patients than for the 10 control patients who received
the least enteral nutrition in the study and mainly received parenteral nutri-
tional support). Only patients treated with a myeloablative conditioning
regime were included in the NASQ trial. To minimize differences between
the 2 groups with regard to transplant-related factors, we ensured that (1) all
20 patients were treated with either busulfan plus cyclophosphamide or total
body irradiation plus cyclophosphamide as pretransplant conditional ther-
apy, (2) all patients received GVHD prophylaxis based on cyclosporine and
methotrexate, and (3) only patients being alive without morphologic relapse
at day +100 were included in the present study.

Classification of Clinical Qutcomes

All patient data were collected and validated by 2 independent research-
ers. Acute GVHD (aGVHD) and veno-occlusive disease (VOD) were diagnosed
according to established criteria [22-24]. All patients with aGVHD were
assessed using the modified Glucksberg score [25]. All patients who required
treatment for severe GVHD received 2 mg/kg/d intravenous methylpredniso-
lone. Mucositis was evaluated using the World Health Organization oral tox-
icity score [26].

Sample Preparation and Analysis

Pretransplant samples were collected from all patients on day —8 or —7;
post-transplant samples were collected 17 to 24 days post-transplant
(Table 1). Venous blood samples were collected into plastic tubes (BD Vacu-
tainer SST ACD Plasma Separation Tubes; Becton-Dickenson, Franklin Lakes,
NJ) and allowed to sediment for 120 minutes at room temperature before
centrifugation (300 x g for 10 minutes) and plasma collection. The samples
were immediately frozen and stored at —80°C until analyzed. The metabolic
profile was analyzed (Metabolon, Durham, NC) as described previously
[20,21,27]. Briefly, samples were prepared by the automated MicroLab Star
system, Hamilton Company, Reno, NV, and before analysis, the samples were
treated with methanol and rigorously shaken to remove proteins and to
increase recovery of metabolites. After centrifugation, the resulting extract
was analyzed by either (1) 2 separate reverse-phase ultrahigh performance
liquid chromatography-tandem mass spectroscopy (UPLC-MS/MS) methods
with positive ion mode electrospray ionization (ESI), (2) reverse-phase UPLC-
MS/MS with negative ion mode ESI, or (3) hydrophilic interaction liquid chro-
matography/UPLC-MS/MS with negative ion mode ESI. The routines for qual-
ity control of the analyses are summarized in Supplementary Table S2.

Statistical and Bioinformatical Analyses

Statistical analyses of clinical variables were performed using Stata Ver-
sion 14 (StataCorp 2009; Stata Statistical Software, College Station, TX). The
Mann-Whitney U test was used to compare continuous variables, and the
chi-square tests and Fisher's exact test were used to compare categorized
data. The log-rank test was used to compare frequencies of aGVHD. Differen-
ces were regarded as statistically significant when P values were <.05.

The metabolomics data were analyzed by analysis of variance, principal
component analysis (PCA), and random forest analysis. An alteration of a
metabolite concentration was regarded as significant when the P value was
<.05 and the corresponding g value was <.10. The random forest analysis has
been described in detail previously [28]. Briefly, this analysis creates a list of
metabolites that would best characterize the 2 different groups and the pre-
dictive accuracy is then calculated. Random chance alone would result in a
predictive accuracy of 50%, whereas a perfect test would result in an observed
predictive accuracy of 100%.

RESULTS
Description and Comparison of the 2 Patient Groups

A detailed description of the 2 groups of patients is given in
Supplementary Table S3, and a summary is given in Table 1.
There were no significant differences between the 2 study
groups with respect to age, sex, incidence of severe mucositis,
pretransplant body weight, or the weight 3 weeks post-trans-
plant. One patient had type 2 diabetes at the time of transplan-
tation, and 1 patient was treated with total body irradiation
(both in the control group). The other 19 patients received
busulfan + cyclophosphamide as their conditioning therapy. The
GVHD prophylaxis was ciclosporin A plus methotrexate. All
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Table 1

Clinical Characteristics of Patients Included in the Present Study: A Comparison of the 10 Patients Mainly Receiving Parenteral (Control Group) and the 10 Patients

Mainly Receiving Enteral (Intervention Group) Nutritional Support

Patient Characteristics Parenteral Nutrition Enteral Nutrition PValue
(Control Group, n=10) (Intervention Group, n=10)

Age, median (range), yr 34 (18-60) 53 (21-62) 21
Sex, male/female, No. 6/4 5/5 1.00
Donor type related/unrelated, No. 2/8 5/5 35
Hematologic diagnosis, No.

Acute myeloid leukemia 7 7

Acute lymphoblastic leukemia 0 2

Chronic myelogenous 1 1

leukemia

Atypical CML 1 0

Myelodysplastic syndrome 1 0
Diabetes type 2, No. 1 0 1.00
Pretransplant sampling Day 7 orday -8 Day 7 orday 8 NA
Post-transplant sampling (range) Day +21 (17-24) Day +21 (20-23) NA
Pretransplant weight (range), kg 77.5 (66.8-109.8) 64.3 (50.0-105.9) 12
Post-transplant weight (range), kg 79.2 (62.5-107.3) 66.6 (49.9-102.0) .10
Pretransplant energy expenditure (range), kcal/d 1937 (1335-2720) 1858(1348-2937) 97
Post-transplant energy expenditure (range), kcal/d 1674 (1161-2702) 1943 (1474-2248) A1l
Days with parenteral nutrition (range) 14(1-19) 13.5(8-22) .79
Total energy (kcal) given by parenteral nutrition (range) 25,275 (13,750-35,400) 13,000 (424-21,920) =.01
Energy (kcal/d) given per day of parenteral nutrition (range) 1805 (424-1565) 1024 (424-1565) <.01
Mucositis, No.

Grade 1 1 1 AT

Grade 2 2 4

Grade 3 1 3

Grade 4 6 2
Patients with grade [II-IV aGVHD, No. 4 6 32

Summaries of continuous variables are presented as median and range. Significant differences (i.e., P < .05) are shown in bold.

CML indicates chronic myelogenous leukemia.
* Comparing patients with mucositis grades 1 to 3 versus grade 4.

patients in the intervention group managed to secure an ade-
quate energy and protein intake. The number of days with par-
enteral nutritional support did not differ between the 2 groups
(median 14 days versus 13.5 days, P =.79), but the control group
received both a significantly higher average per day and total
amount of parenteral nutrition (see Table 1). The post-trans-
plant decrease in body weight did not differ significantly.

None of the patients were treated with palifermin, and the
incidence of grade 4 mucositis (i.e., patient not able to tolerate
liquid or solid food by mouth) did not differ (P = .65). The inci-
dence of aGVHD did not differ between the 2 groups. The pre-
transplant energy expenditure did not differ from the energy
expenditure 3 weeks post-transplant for any of the groups
(repeated-measures analysis of variance, P = .31). None of the
patients developed VOD or received VOD prophylaxis with
ursodeoxycholate or defibrotide.

Nutritional Characterization of the Enteral and Parenteral
Groups

The 2 groups differed with regard to how they received
their nutritional support (mainly oral/enteral versus mainly
parenteral), but in addition, the ensured daily energy intake
was also different with at least 30 kcal/kg/d (recommended 30
to 40 kcal/kg/d) for the enteral group and a recommended
intake corresponding to 25 to 30 kcal/kg/d for the parenteral
control group. As will be described in detail below, the paren-
teral group showed a more pronounced increase in acylcarni-
tines, consistent with increased mitochondrial fatty acid
oxidation, and decreased N-formylmethionine, consistent

with increased mitochondrial activity. These differences are
consistent with a more fasting-like post-transpant metabolic
profile for the parenteral group. Thus, our 2 groups differ not
only with regard to the route of nutritional administration, but
there seems to be an additional (and expected) difference in
the amount of energy supplementation.

Patients Mainly Receiving Enteral or Parenteral Nutrition
Show Similarities in Their Pretransplant Systemic Metabolic
Profiles but Less Similarity in Post-Transplant Profiles

The complete list of analyzed metabolites is given in the
supplementary file. We first did a PCA to compare the systemic
metabolic profiles for both patient groups and at both time
points tested (Figure 1). There was a considerable overlap
between the distributions of the pretransplant samples (i.e.,
samples derived before the conditioning treatment) from the
2 groups; they both showed an overlapping distribution to the
lower left in Figure 1. This observation indicates that the
2 groups had similarities in their pretransplant systemic meta-
bolic profiles, which are also consistent with the observed sim-
ilarities in pretransplant clinical characteristics between the
groups (Supplementary Table S3).

The post-transplant samples from the 2 groups showed dif-
ferent localizations in the PCA plot (Figure 1) and less degree
of overlap compared with the pretransplant samples. Thus, the
conditioning and transplantation procedures altered the sys-
temic metabolic profile for both patient groups, and our PCA
analyses suggest that these alterations are partly overlapping
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Figure 1. PCA of systemic metabolic profiles for patients mainly receiving enteral and parenteral support. The figure shows a comparison between the 4 different
sample groups: pre- and posttransplant samples for patients mainly receiving enteral support (the enteral intervention group [El]) and patients mainly receiving par-
enteral support (the patient control group [PC]) after the transplantation. Both groups included 10 patients. Thus, each symbol represents 1 sample at a specific time
point, and each of the 4 different sample groups is encircled. The outer limits of each group of samples are indicated (EI pre- and El post-transplant with light gray
and gray, respectively; PC pre- and post-transplant with light blue and blue, respectively).

for patients mainly receiving enteral or parenteral nutrition
during the study period.

The Post-Transplant Metabolic Profile Is Mainly Determined
by the Transplantation Procedure and Not by the Nutritional
Support

We determined the numbers of significantly altered metabo-
lites when comparing the corresponding pre- and post-transplant
samples for each of the 2 patient groups, and we also determined
the numbers of significantly altered metabolites when comparing
the pretransplant samples and the post-transplant samples for the
2 groups (Table 2). There was a concordance between the 2 groups
(i.e, mainly enteral or parenteral nutritional support) with regard
to the post-transplant changes in systemic metabolic profiles rela-
tive to the matched pretransplant samples. We investigated 824
metabolites; 311 metabolites underwent significant changes after
parenteral nutrition and 198 of them showed trending (.05 < P
< .10) or significant (P < .05) changes with the same directionality
as for the group receiving mainly enteral nutritional support. By
comparison, 237 metabolites showed a significant post-transplant
alteration in patients receiving mainly enteral nutritional support,
and 179 of them showed trending or significant changes with the
same directionality as for parenteral nutrition.

We did random forest analyses, and the predictive accuracy
when comparing pre- and post-transplant samples from patients
mainly receiving enteral support was 100% (Table 2). A similar
comparison for patients mainly receiving parenteral nutritional
support showed a predictive accuracy of 90%. These observations
suggest that there is a considerable difference in the systemic
metabolic profile for each of the patient cohorts when comparing

pre- and post-transplant samples. In contrast, the predictive
accuracy was lower when comparing the pretransplant (65%)
and the post-transplant (70%) samples for the 2 cohorts.

These observations suggest that the differences between
pre- and post-transplant samples for the 2 groups are larger
than the differences observed when comparing the 2 groups at
the same time point. Thus, our results are consistent with the
hypothesis that the systemic post-transplant metabolic profile
at day +21 is mainly determined by the conditioning treatment/
stem cell transplantation/reconstitution and not by the kind of
nutritional support during the early post-transplant period.

To summarize and conclude based on the overall data pre-
sented in this section, the PCA showed that there was a larger
degree of overlap between pretransplant samples for the 2
patient groups than for the post-transplant samples
(Figure 1). Furthermore, the comparison of pre- versus post-
transplant samples identified a larger number of significantly
different metabolites than the statistical comparisons of the 2
sets of post-transplant samples (Table 2). Finally, there was a
considerable overlap between the top 30 ranked metabolites/
metabolite classes in the random forest analyses that com-
pared pre- versus post-transplant samples for the 2 groups
(Figure 2). The predictive accuracy was also higher for pre-
versus post-transplant samples than it was for the compari-
son of pre- versus pretransplant and post- versus post-trans-
plant samples. Taken together, these observations suggest
that the post-transplant metabolomics profiles show a rela-
tively large degree of overlap between the enteral and paren-
teral groups, and the observations thereby are consistent
with our hypothesis that the conditioning/transplantation/
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Table 2

Metabolomic Comparison of Allotransplant Recipients Receiving Mainly Enteral and Parenteral Nutritional Support: An Overview of the Statistical Comparisons of

T.H.A. Tvedt et al. / Biol Blood Marrow Transplant 26 (2020) 380—391

Metabolite Levels and the Random Forest Analyses of Pre- versus Post-Transplant Systemic Profiles

Statistical Summary of Transplantation and Nutrition Effects:
Two-Way ANOVA with Repeated Measures (Presented as Number of Metabolites)
Number of Altered Metabolites PValue Nutrition-Dependent Transplantation-Dependent Combined Effect: Number of
Differences: Comparison of Differences: Comparison of Metabolites Differing in
Post-Transplant Profiles for Pre- versus Post-Transplant Both Comparisons
the Enteral and Parenteral Metabolic Profiles (Number
Group (Number of Altered of Altered Metabolites)
Metabolites)
Significant difference <.05 66 378 52
Trend .05-.10 53 55 45
Statistical Comparison:
ANOVA Contrasts (Presented as Number of Metabolites)
Enteral Relative to Parenteral Post-transplant Relative to Pretransplant
Total Metabolites Pretransplant Post-Transplant Parenteral Enteral
P < .05
Upregulated 8 19 138 91
Downregulated 37 55 173 146
10 = P= .05
Upregulated 10 7 26 35
Downregulated 41 44 46 a1
Random Forest Analysis:
Prediction of Groups Based on Their Systemic Metabolic Profile
Comparison Predictive Accuracy, %
Pretransplant enteral versus pretransplant parenteral 65
Post-transplant enteral versus post-transplant parenteral 70

ANOVA indicates analysis of variance.

reconstitution is more important for the post-transplant
metabolomics profiles than the nutritional differences
between the 2 patient groups.

Post-Transplant Metabolic Profiles Reflects the Nutritional
Status as Well as Altered Bile Acid, Vitamin A, Plasmalogen,
and Endocannabinoid Metabolism

The top 30 ranked metabolites for the 2 comparisons of pre-
transplant versus post-transplant samples are shown in Figure 2.
There were 8 overlapping top-ranked metabolites when com-
paring pre- and post-transplant samples for each of the 2
patient groups. These overlapping metabolites included 3 lipid
metabolites (the amino fatty acid 2-aminooctanoate, 3-car-
boxy-4-methyl-5-propyl-2-furanpropanoate, the secondary bile
acid taurocholate) and the 5 xenobiotics that all are related to
food intake (homostachydrine, 1-methylxanthine, theobromine,
4-alylphenol sulfate, pyrraline; see Supplementary Table S4).

A major part of the top-ranked metabolites for both patient
groups were classified as xenobiotics: 14 metabolites for
enteral nutrition and 16 metabolites for parenteral nutrition (5
being overlapping, see above). These metabolites included
both the preservative benzoate, xanthine (caffeine) metabo-
lites, and several food or plant components (Supplementary
Table S5). These alterations are consistent with an altered
enteral intake in both patient groups.

Primary bile acids are released by the liver, and gut bacte-
rial metabolism then produces the secondary bile acids via
dihydroxylation and deconjugation. Several bile acids were
altered after transplantation for patients receiving mainly
enteral and parenteral nutrition. The results for 6 of these bile
acids are presented in Figure 3.

There was a significant increase in the systemic levels of
the primary bile acids taurocholate and taurochenodeoxycho-
late. The derivatives glycochenodeoxycholate glucuronide and
glycochenodeoxycholate sulfate were also significantly
increased post-transplant for both patient groups, and the
same was true for the secondary bile acids glycocholenate sul-
fate and taurocholenate sulfate. The variation between individ-
ual patients was generally wider post-transplant for both
groups. We could in addition observe significantly decreased
plasma levels of isoursodeoxycholate and ursodeoxycholate
(0.24- and 0.20-fold decrease, respectively) for parenteral
nutrition but not for the mainly enteral group.

The liver is important in vitamin A metabolism; vitamin A
absorption is facilitated by biliary acid metabolism, and a nega-
tive feedback mechanism links vitamin A absorption with hepatic
bile acid synthesis [29]. Together with the altered bile acid levels,
we also observed decreased post-transplant levels of retinol
(vitamin A), 3 forms of the vitamin A metabolite carotene diol,
and the pro-vitamin A metabolite beta-cryptoxanthin (Figure 4).

Plasmalogens are glycerophospholipid derivatives, and
numerous plasmalogens and lysoplasmalogen lipids decreased
after transplantation for patients receiving enteral or paren-
teral nutritional support (Supplementary Table S6).

The liver and the bile acids can also regulate the synthesis of
endocannabinoids, and several endocannabinoids (especially
oleoylethanolamide, N-olelyltaurine, and N-oleoylserine)
showed altered post-transplant plasma levels (Supplementary
Tables S4, S5, and S7). For patients receiving mainly enteral
nutrition, the levels were significantly increased for only 2 of
the 6 analyzed endocannabinoids, whereas 5 of the 6 metabo-
lites were significantly increased for patients mainly receiving
parenteral nutrition.
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Figure 2. Random forest analyses showing the top 30 ranked metabolites
when comparing pre- versus post-transplant samples derived from allotrans-
plant recipients mainly receiving enteral (a, 10 patients) or parenteral (b, 10
patients) nutritional support. The classification of individual metabolites is
indicated in each figure. The predictive accuracy for the random forest plot
was 100% for the enteral group and 90% for the parenteral group.

Post-Transplant Differences between Patients Receiving
Enteral and Parenteral Nutritional Support Include Altered
Tyrosine/Dopamine and Oxidative Metabolism

We compared the post-transplant metabolic profiles for
patients receiving enteral or parenteral nutritional support.
Altered lipid metabolism was the most striking difference, and
lipid metabolites constituted 16 of the 30 top-ranked metabo-
lites from this comparison. The lipid metabolism differed espe-
cially with regard to fatty acid metabolism; several
acylcarnitines were also increased (Supplementary Tables S4
and S5, supplementary file) and the 18 top-ranked lipid metab-
olites included 8 acylcarnitines (Figure 5). These alterations
may reflect an altered oxidative metabolism, and this is further
supported by the increased levels of N-formylmethionine that
is linked to mitochondria-specific protein synthesis [30]. This
may be due to a more fasting-like metabolic signature; this is

supported by the increased levels of oleoylethanolamide that
induces lipolysis and fatty acid oxidation [31].

Additional minor differences were observed when compar-
ing the post-transplant plasma metabolic profiles for patients
receiving parenteral and enteral nutritional support. First, tyro-
sine metabolites (dopamine 4-sulfate, dopamine 3-O-sulfate)
were significantly increased in patients receiving enteral sup-
port, whereas tyrosine and its metabolites 3-(4-hydroxy-
phenyl)-lactate-phenol-sulfate were significantly decreased
(Supplementary Tables S4 and S5, supplementary file). With the
exception of beta-citrylglutamate, no effects on glutamate and
aspartate metabolism were observed. Second, differences in bil-
irubin metabolism/clearance were observed with a significant
increase in heme and porphyrin metabolites (bilirubin, biliver-
din, and i-urobilinogen) in patients receiving parenteral nutri-
tion. The 2 groups did not show any significant differences in
pre- and post-transplant levels of bilirubin, hemoglobin, or rate
of erythrocyte transfusions (Table 1, Supplementary Table S3).

Corticosterone levels were increased in patients receiving
enteral support, and a similar nonsignificant trend was
observed for cortisol. Additional differences in steroid metabo-
lism were also detected, especially in pregnenolone/progestin
and androgenic steroid metabolism. These additional differen-
ces were mainly seen when comparing pre- and post-trans-
plant levels, and increased levels were observed especially for
the enteral group (Figure 6).

DISCUSSION

Previous studies suggest that the pretransplant systemic
metabolic profile (i.e., the serum or plasma levels of metabo-
lites derived from cellular metabolism) reflects the risk of
post-transplant complications following ASCT [20,21]. The pre-
conditioning profile is associated with risk of GVHD as well as
the development of endothelial dysfunction and fluid reten-
tion [32-34]. In our opinion, such associations may also reflect
altered immune regulation due to the altered levels of immu-
nomodulatory metabolites as well as altered endothelial cell
function, metabolite-induced alteration of the renal function,
or treatment-induced organ toxicity leading to altered organ
functions and thereby secondary metabolic effects. A recent
study has demonstrated that the systemic metabolic profile
can also be altered by therapeutic interventions (i.e., Granulo-
cyte-colony stimulating factor treatment) [27]. In this context,
we have investigated how the plasma metabolic profile is
altered by conditioning therapy/stem cell transplantation/
hematopoietic reconstitution and nutritional support.

The gut microbiome and the gastrointestinal barrier are
important for immune regulation early after allotransplantation
[35,36]. Regulation of metabolic pathways has been shown to
be important for adequate T and B development and function
[37,38], and targeting specific metabolic pathways has been
proposed as a possible strategy to modulate post-transplant
immune reconstitution [39,40]. Even though treatment with
antibiotics, growth factors, probiotics, or specific nutrients has
been proposed as possible approaches to reduce transplant-
related morbidity, the overall impact of these strategies on the
patient’s metabolic regulation has so far been thought to be
minimal [7,41,42]. Although clinical interventions through
these mechanisms until now have failed to demonstrate an
effect of clinical relevance, such an effect may be masked by
patient heterogeneity, including differences with regard to
post-transplant nutritional support, or be clinically relevant
only for subsets of patients. Thus, to better understand the pos-
sible importance of metabolic regulation and nutritional sup-
port in allotransplant recipients, an aim of our study was to
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Figure 3. The effects of ASCT on bile acid metabolism. The figure presents the levels before the conditioning (pre) and after hematopoietic reconstitution (post). For
each of the 8 metabolites, the effects of ASCT are compared for patients receiving mainly parenteral (left part of each individual figures) or enteral (right part of each
figure) nutritional support. We show the results for the primary bile acids taurocholate (a), taurochenodeoxycholate (b), glycochenodeoxycholate glucuronide (c),
and glycochenodeoxycholate sulfate (d). The lower part of the figure shows the results for the secondary bile acids glycocholenate sulfate (e), taurocholenate sulfate
(), ursodeoxycholate (g), and isoursodeoxycholate (h). The corresponding P values are given in each figure. All results are presented as box plots with the median,
25th to 75th percentiles, and range. Outliers are indicated by open symbols (o).

compare the metabolic effects of allotransplantation in patients and the patients were selected based on the strategy for nutri-
receiving mainly enteral or parenteral nutritional support. tional support alone. We did not apply any additional selection
As described previously, our 2 contrasting patient groups criteria, and for this reason, there are some differences

included only patients receiving myeloablative conditioning, between the groups; for example, 1 patient had diabetes, 2
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Figure 4. Effects of ASCT on vitamin A metabolism. The figure presents the levels for retinol/vitamin A and carotene diol when patients were tested before conditional
therapy (pre) and after hematopoietic reconstitution (post). For each metabolite, the effects of ASCT for patients receiving mainly parenteral (left part of each figure)
or enteral (right part of figures) nutritional support are compared. The corresponding Pvalues are given in each figure. All results are presented as the median level,
25th to 75th percentiles (boxes), and variation range. Outliers are indicated by open symbols (o).

patients received total body irradiation, and 2 patients with
acute lymphoblastic leukemia had previously received metab-
olism-modulating steroid therapy. We regard this as a minor
heterogeneity, and despite these differences, we were able to
demonstrate significant metabolomic differences between the
2 groups. These metabolic differences were mainly associated
with the conditional therapy. Further studies have to clarify
whether similar effects are present in other patients receiving
intensive chemotherapy with severe gastrointestinal and
hematologic/immunologic toxicity (e.g., acute myelogenous
leukemia induction and consolidation chemotherapy,
reduced-intensity conditioning, autologous stem cell trans-
plantation).

Our 2 relatively small but contrasting patient groups differed
with regard to the route of administration of their nutritional
support, and the intervention (i.e., enteral) group in addition
had very close nutritional monitoring [18,19]. We determined
the levels of 824 metabolites, and a Pvalue of <.05 was regarded
as a significant difference. Thus, we would expect up to 42
metabolites to fulfill this criterion in each comparison by ran-
dom chance, and in such cases, we would expect an equal distri-
bution between increased or decreased metabolite levels. The
low number of only 45 significantly differing metabolites when
comparing pretransplant metabolite levels for the 2 groups is
thus consistent with only minor differences as expected in a ran-
domized study. However, the higher number of different metab-
olites when comparing the post-transplant samples (71 differing
metabolites, different numbers of increased/decreased metabo-
lites) and the high number of differing metabolites when com-
paring pre- versus post-transplant samples (237 for the enteral
and 311 for the parenteral group) cannot be explained by ran-
dom chance. By comparing small but well-characterized and
contrasting groups, we were thus able to detect metabolic differ-
ences between the 2 groups as well as between pre- and post-
transplant samples. The metabolic differences may even be
more extensive than observed in our present study because
additional but quantitatively less important differences may not
reach statistical significance in this study.

We observed that the transplantation procedures (condi-
tioning therapy and stem cell transplantation followed by
hematologic reconstitution) altered the systemic metabolic
profiles, and a major part of these effects was seen for
patients receiving mainly enteral or parenteral nutritional
support. First, ASCT significantly alters bile acid metabolism.
Primary bile acids are synthetized in the liver by oxidation of
cholesterol before they are secreted into the gastrointestinal
tract and converted into secondary bile acids by the gut
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Figure 5. Random forest analyses showing the top 30 ranked metabolites
when comparing the 2 patient groups that received either mainly enteral or
mainly parenteral nutritional support. (a) Results from the comparison of the
2 groups when tested before the transplantation. (b) Comparison of the post-
transplant profiles. The classification of individual metabolites is indicated in
each figure. The predictive accuracy for the random forest plot was 65% for the
pretransplant samples and 70% for the posttransplant group.
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microbiota; these secondary bile acids are absorbed in the
terminal ileum and enter the enterohepatic circulation [43].
We observed significant reductions of systemic levels of sec-
ondary bile acids. Possible explanations for this could be
altered primary bile acid synthesis, reduced formation or

showed statistically significant differences.

intestinal reabsorption of secondary bile acids, or altered
hepatic reuptake. In our opinion, the most likely explanation
is reduced formation and/or reabsorption due to gastrointes-
tinal toxicity with mucositis and altered gut microbiota. This
hypothesis is supported by the observation that enteral
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nutrition seems to counteract somewhat the reduction in the
secondary bile acids isoursodeoxycholate and ursodeoxycho-
late, 2 bile acids that are produced by specific microbes in the
gastrointestinal tract [44,45]. The reduction of ursodeoxycho-
late levels may have clinical relevance because it has antia-
poptotic effects on liver cells, and substitution with
ursodeoxycholate has been tried as a therapeutic strategy to
improve overall survival by reducing drug-induced liver tox-
icity or liver involvement in aGVHD [46].

We also observed decreased levels of several metabolites
derived from preservatives, caffeine, and food/plant components
in both patient groups; this is probably due to gastrointestinal
toxicity and thereby an altered dietary intake compared with
pretreatment samples. The post-transplant levels of vitamin A
metabolites and plasmalogens probably also reflect altered liver
function and/or gastrointestinal absorption that are consistent
with the changes in plasma bile acid levels (see above).

The increased post-transplant levels of endocannabinoids
are surprising because these metabolites are thought to be
generated in the small intestine during food intake; this could
be secondary to the altered bile acid metabolism because cer-
tain bile acids bind to the enzyme N-acylphosphatidylethano-
lamide-hydrolyzing phospholipase D and thereby promote
formation of oleoylethanolamide [47]. Endocannabinoids are
arachnoidate-based lipids that are synthesized from mem-
brane glycerophospholipids, and through their binding to spe-
cific G-protein-coupled receptors, they are involved in a large
variety of biological processes, including immune regulation
and carcinogenesis [48-51]. The possible clinical importance of
this observation needs further studies to be clarified.

The most prominent differences between the 2 patient
groups were increased levels of sulfated dopamine metabolites
in patients receiving mainly enteral nutritional support. A
major part of circulating dopamine sulfate is thought to be
derived from the upper gastrointestinal tract where the dopa-
mine sulfating enzyme is expressed [52]. This difference may
thus simply reflect the larger oral intake by patients receiving
enteral nutrition, but an alternative explanation could be
reduced mucosal toxicity and persistence of a higher enzy-
matic activity for patients in the enteral group. The other
major difference was increased medium- and long-chain car-
nitines; although this increase was seen for both groups, it was
more pronounced in patients receiving parenteral nutrition,
and it indicates an insufficient calorie intake in this group [53].
We also observed a significant difference in porphyrin metabo-
lite and corticosterone levels between the 2 groups post-trans-
plant, but there were no differences in pre/post-transplant
hemoglobin or bilirubin levels, transfusion rate, or use of sys-
temic steroids (Supplementary Table S3). The clinical impact
of these differences is elusive.

Prolonged starvation leads to increased degradation of amino
acids and an altered function of various cells (e.g., gut epithelium
and lymphocytes) that are not capable of sufficient synthesis of
certain nonessential amino acids [54-56]. Although our metabo-
lomic data suggest that patients receiving parenteral nutrition
exhibited a metabolic profile more similar to fasting-like metabo-
lism, we could not detect any major differences in amino acid
metabolism except for the dopamine metabolism. However, as
discussed above, the increased dopamine levels in the enteral
group may simply be caused by increased intake or preserved
enzymatic activity (i.e., dopamine-specific mechanisms) and may
not be caused (or at least not only caused) by a general starva-
tion-like metabolic response.

For several reasons, our results should be interpreted with
care. First, there may be treatment spillover between the 2

arms in the clinical study because all patients were treated in
the same clinical unit; to minimize this risk, we selected
patients included during the first 15 months of the trial period.
Second, we cannot exclude significant effects of the previous
diseases or their pretransplant treatment on the metabolic
profiles, although the random forest and PCAs together with
the patient characteristics summarized in Table 1 suggest that
such factors do not have a major impact. Third, the timing of
blood sampling and parenteral infusions may influence the
post-transplant samples, even though strict routines were fol-
lowed and blood samples were collected at least 4 hours after
the end of parenteral infusions. Finally, due to the complexity
of the transplant procedure and several competing risks fac-
tors, there is a risk of missing significant effects of the nutri-
tional interventions. Despite this, we would emphasize that
only a few previous studies have examined the metabolic pro-
file in patients before ASCT [20,21], and to our knowledge, the
present study is the first to make paired comparisons of pre-
and post-transplant metabolic profiles.

The hypothalamic-pituitary-adrenal axis shows a close
interaction with the gut microbiota, and this seems to be a
bidirectional communication where altered microbiota is able
to alter the hypothalamic-pituitary-adrenal axis [57]. Further-
more, the 2 main glucocorticoids in humans are cortisol and
corticosterone; the functions of these 2 glucocorticoids are
only partly overlapping, and under certain conditions, cortico-
sterone has additional biochemical functions [58]. Corticoste-
rone as well as its metabolites, but not cortisol, can be secreted
into the bile, and the gastrointestinal bacteria (especially
anaerobic bacteria) can thereby transform corticosterone into
various metabolites that are absorbed into the portal circula-
tion, later bypass the liver, and finally may have systemic
effects [59]. These metabolites can then modulate the steroid
metabolism through inhibition of certain steroid-modulating
enzymes [58,59]. Corticosterone/cortisol levels may also be
influenced by extra-adrenal production and/or activation;
these enzymes are present in several organs, including liver
and colon [60]. Furthermore, recent animal studies suggest
that corticosterone has a protective effect against gastric ulcer-
ations [61]; it is not known whether this is true also for the gut
mucosa. Thus, differences in systemic levels of cortisol, cortico-
sterone and their metabolites, and the larger difference for
corticosterone (i.e., significant effect) than cortisol (a trend)
may be explained by different effects on the gut microbiota by
the 2 different nutritional regimens and possibly also by differ-
ences in mucosa-protecting effects.

We observed significantly altered post-transplant levels of
several other steroid metabolites; this was especially seen for
progestin/progranolone and androgenic metabolites. In our
opinion, the most likely explanation for these differences is an
altered microbiome. The gut bacteria are able to modulate ste-
roids and form pregnene/pregnan/androstane metabolites
[59], and our 2 groups differed in the serum levels of several
such metabolites. Studies in animal models suggest that even
certain antibiotics can alter steroid metabolism |[57], but this
explanation seems less likely because the clinical study did not
detect any differences between the control and intervention
groups with regard to time until neutrophil engraftment, epi-
sodes of bacteremia, fungal or viral infections, empirical use of
antibiotics or antifungal, or days with fever [18,19].

Our study shows that the systemic metabolic profile is sig-
nificantly altered early after ASCT, and these effects are more
pronounced than the effects caused by differences in nutri-
tional support (predominantly enteral versus parenteral).
However, altered immune regulation early after
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allotransplantation is important for outcome, and our study
suggests that the possible clinical importance of differences
in early nutritional support/metabolic regulation in allotrans-
plant recipients should be further investigated with a focus
on patient heterogeneity and standardization of the nutri-
tional support.
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