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Abstract

Background: In [fW@ recent randomized controlled [tials, Withholding [parenteral ntrition €arly in critical illness
improved outcorme as (compared to Early Up-to-calculated-target uiition, which may be explained by beneficial
effects of fasting Outside critical care, faStingemimicking diets were found to [Maintain fasting-induced [GEREfits
while [@VoIding [prolonged Stafvation! It is unclear whether critically ill patients can develop a fasting response after a
short-term nutrient interruption. In this randomized crossover pilot study, we investigated whether [I2RiAGEREnRt
fifterftption initiates a [Aetabolic fasting [fESponse in prolonged critically ill patients. As a secondary objective, we
studied the feasibility of ionitoring AUtepRagy in blood samples.

Methods: In a single-center study in 70 prolonged critically ill patients, [I2*hitp~to=calctilated=target feeding as
[lternated with [I28Afasting on [day'8 + 1 in I€U, in random order. Blood samples were obtained at the start of the
study, at the [€fG8SOVER point, and at the end of the 24-h study period. [Pfifary endpoints were a fasting-induced

CRESe in serum [iUBIN =nd Eciease in [AsuliniEauEments o Faintain NOMOGlyEEra Seeondan outcomes
inclucied SEUMINSUIAKEIGHOWt Facior | UGE, sorum (Ui piasma (BOH), anl WRNA and

beta-hydroxybutyrate
protein [fiarkers of @titephagy in whole BI66d and isolated Wiite blood (€ISl To obtain a healthy reference, mRNA

and protein markers of autophagy were assessed in whole blood and isolated white blood cells of 23 matched
healthy subjects in fed and fasted conditions. Data were analyzed using repeated-measures ANOVA, Fisher's exact
test, or Mann-Whitney U test, as appropriate.

Results: A [I25h NUGHEAEIATERUPEGR significantly iEreased serurn [Bilifubin and BOH| and decreased insulin
féquiréments and serum IGF (all p < 0.001). [Uféa was [not affected BOH was already fificreased from 4 h fasting
onwards. AUtGPREGIE markers in blood samples were largely [Unaffected by fasting in patients and A€althy subjects.

Conclusions: A [I22hAtfientinteruption initiated a metabolic [fasting fESponse in [prolonged critically ill patients,
which opens perspectives for the development of a [fastingEmimicking'diet. Blood samples may not be a good
readout of autophagy at the tissue level.

Check for
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Background

For a long time, early artificial nutrition has been as-

sumed to benefit critically ill patients, since prevention

of a caloric deficit repeatedly has been associated with

improved outcome [1-3]. However, - large ran-

domized controlled trials (RETS) have shown that [early
did not benefit critically ill patients,

enhanced
and {40 RETs e EBSNIG and PEPGNIC BT founc
that [early supplementation of insufficient or contraindi-

cated enteral nutrition by parenteral nutrition may even

increase morbidity as compared to withholding parenteral
nutrition until 1 week after

intensive care unit (ICU)
admission [4-9]. Hypothesis-generating, detailed, sec-
ondary analyses of both RCTs associated [any feeding

ldose above the lowest dose with progressively increased

harm, which suggests that the

negative impact of early
1

the [foute of feeding [10, 11]. In line with this, two re-
cont RCTo—the CALORIES nd Nutrireas RCT-
found ol outcome difference between the lenteral and
[parenteral [foute of feeding when macronutrients were

provided at [i§ocaloric doses [12, 13]. Altogether, these
data suggest that

ldid"not benefit critically ill patients and that felative
macronutrient restriction_may even be beneficial.

Po-
tential protective fnechanisms of relative macronutrient
ey R
among others, as put forward by experi-
mental models and/or studies on human samples [14—
17].

Although components of the fasting response jmay be
[beneficial in critical illness, prolonged [tarvation likely
lcomes at @ price [18]. A potential @ltérnative to bring
about fasting-induced benefits in critically ill patients is
the design of a [fasting=mimicking diet. Such diets sub-
stantially Festrict food intale for several hours or days,
which is [ltérnated with periods of unlimited intake.
Numerous animal Stadi€s in various models have dem-
onstrated [increased lifespan and [protection against age=
related diseases by implementation of such diet (19
Interestingly, as compared to regular diets, fasting”

were @bl€ to provide the [full caloric tar-
g while w0 improved metabolic profil
during the period of full feeding. Since [critical illness
including fin?
and ccummulation of el Gak

[age, we hypothesized that a fasting-mimicking diet may
be [béneficial for critically ill patients as well [11, 20].

Until now,
ftested in critically ill patients. Moreover, it remains un-
clear whether critically ill patients can develop a full

metabolic fasting response. Indeed, Ketogenesis may be
impaired in critically ill patients, and the [cataboli¢ state
induced by severe illness ay preclude any additional

-- [21-23]. Moreover, even if critically ill

patients could develop a full fasting response, it remains
unclear how long feeding should be restricted before
such response would initiate. Although prolonged fasting
intervals are theoretically more likely to induce a fasting
response, a [higher hourly feeding dose and associated
fluid load would be needed to [avoid underfeeding in
such scenario. In this pilot crossover study, we investi-
gated whether 122H macronutrient [Feéstriction is suffi-
cient to f[iite o [etabolic fasting in
[prolonged [critically fill patients. In healthy individuals,
such response is characterized by [ificréases in Ketogene-
868, scrum iliabi and [ifed, decreases in fsulin con-
centrations and [insulinzlike” growth factor "I, and
lactivation of autophagy (4, 19, 24-26]. Since it was [un=
lear whether [critically ill patients can [initiate a full
Imetabolic fasting response, the primary endpoints were

based on fasting-induced alterations that were previously
shown to be significantly impacted by withholding par-
enteral nutrition in the first week in ICU [4]. The study
was meant as the first “dose-finding” step in the design
of a fasting-mimicking diet for critically ill patients, to
bring about an optimized metabolic profile and eventu-
ally to preserve cellular integrity through autophagy acti-
vation. If the pilot study would suggest feasibility, the
subsequent aim would be to test such diet in a large
RCT powered for clinical endpoints. In preparation of
such future studies, we also investigated the feasibility of
monitoring autophagy in blood samples as a less invasive
surrogate for muscle biopsies.

Methods

Study design and participants

This study was a prospective, randomized, crossover
pilot study performed in six medical/surgical ICUs at
the University Hospitals of [Létven, Belgium. The study
was performed in accordance with the principles of the
Declaration of Helsinki. The Ethical Committee Research
UZ/KU Leuven approved the protocol and consent forms
(559328). All patients or their legal representatives pro-
vided written informed consent before randomization.
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Patients were recruited from August 28, 2017, until July
11, 2018.

All adult patients (18 years or older) who were still in
the ICU on day 6 were screened for eligibility. Patients
were eligible if they were expected to stay in the ICU
and dependent on both mechanical respiratory support
and pharmacological and/or mechanical hemodynamic
support for at least another 72 h. Patients were excluded
if they had serum bilirubin concentrations above 5mg/
dl, were enrolled in another RCT, were considered mori-
bund or had formal therapy restriction as part of ad-
vanced care planning, were pregnant or lactating, had
any oral intake, were previously enrolled in the study, or
were unable to be fasted or fed for 12 consecutive hours
(e.g., due to specific need for glucose-containing infu-
sions or due to procedure-related fasting). After having
obtained informed consent on day 7+ 1, patients still
meeting the inclusion criteria were randomized to re-
ceive 50% of their calculated daily caloric target over 12
consecutive hours, followed by 12-h fasting (feeding-fast-
ing) on day 8 + 1, or vice versa (fasting-feeding). Day 8 +
1 was chosen as the intervention day, as our common
practice involves withholding parenteral nutrition in the
first week in ICU, implying relative macronutrient restric-
tion in the [acute phase of illness. Thereby, inclusion of pa-
tients in the first week in ICU would have led to a minor
difference in caloric intake between the fasting and feed-
ing interval, which would have inflated the chance of
false-negative results. Moreover, if the project would ul-
timately show that fasting-mimicking diets are beneficial,
this would be particularly relevant for patients with pro-
longed ICU stay. Patients were stratified according to ad-
mission diagnosis (cardiac surgery versus others) and
randomization was performed with use of a central com-
puter in permuted blocks of 10 per stratum. The block
size was unknown to the treating physicians and nurses.

During the first week in ICU, all patients received en-
teral nutrition if possible, which was increased according
to tolerance. No [parenteral nutrition was administered
in the [first week after ICU admission as per the centers’
nutrition protocol. During ICU stay, all patients received
intravenous [supplements of trace elements and vitamins,
which was continued until the patient received the [full
calculated caloric target through EN and oral intake
(Additional table 1). Blood phosphate, potassium, and
magnesium were monitored daily, in order to allow pre-
vention and/or early detection of deficiencies and refeed-
ing syndrome. All patients received blood [glucose
control targeting [80-=110 mg/dl with [insulin throughout
ICU stay until they were able to eat by mouth. To that
purpose, arterial blood glucose concentrations were
monitored every 1 to 4h with a |blood gas analyzer, and
insulin dose was adjusted through continuous intraven-
ous infusion.

Page 3 of 12

On the intervention day at day 8 + 1, during the 12-h
feeding interval, patients received artificial nutrition to
cover 100% of their hourly calculated caloric goal. Nutri-
tion primarily consisted of enteral nutrition, but was
supplemented with parenteral nutrition if enteral nutri-
tion was insufficiently tolerated or contraindicated. The
enteral and parenteral nutrition formulas prescribed at
the discretion of the treating physician are listed in Add-
itional table 2. The nutritional target was calculated and
based on corrected ideal body weight, age, and gender
(Additional table 1). During the [12-h fasting interval,
artificial nutrition was stopped, including any infusion of
glucose-containing maintenance infusions. An exception
was made for calories from propofol and intravenously
administered drugs requiring mandatory dilution in glu-
cose. The insulin infusion rate was preemptively reduced
at the start of the 12-h fasting interval to reduce the risk
of hypoglycemia. Patients received non-glucose contain-
ing fluids in order to provide adequate hydration at the
discretion of the treating physician. If a patient devel-
oped hypoglycemia, a glucose bolus and/or a glucose-
containing maintenance infusion were given at the dis-
cretion of the treating physician.

At the start of the study intervention (8:00h), at the
crossover point after 12h (20:00 h), and at the end of the
intervention (after 24 h, at 8:00 h the following morning),
an arterial blood sample was taken. Beta-hydroxybutyrate
(BOH) concentrations were measured at the bedside every
4 h using a point-of-care ketometer (StatStrip Glucose/Ke-
tone Xpress2® Meter, Nova Biomedical, provided by
Menarini Diagnostics).

To obtain a healthy reference range for autophagic
markers in white blood cells and whole blood, healthy
volunteers were recruited with similar age, gender, and
BMI distributions as the patients (Table 1). Volunteers
were instructed to fast for at least 12 h overnight prior
to blood sampling in the morning (fasted state). A sec-
ond blood sample was obtained 2h after a copious
breakfast (fed state).

Data collection

We collected demographical data and daily records of
clinical parameters and treatments from the patient data
management system (MetaVision Suite, iMDsoft). Upon
ICU admission, we quantified severity of illness accord-
ing to the Acute Physiology and Chronic Health Evalu-
ation II score (APACHE II), and nutritional risk
according to the Nutritional Risk Screening score (NRS),
and scored sepsis according to the Sepsis-3 criteria [27].
To quantify severity of illness at inclusion in the study,
the Sequential Organ Failure Assessment (SOFA) score
was calculated over the 24 h preceding the intervention
day. On the intervention day, we collected detailed data
regarding nutrition, blood glucose, insulin requirements,
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Table 1 Baseline characteristics of participants

Page 4 of 12

Baseline characteristic Fasting—feeding Feeding—fasting Controls

N =35 N =35 N =23
Age—median [IQR] 63.2 [51.5-72.8] 67.7 [57.6-744] 69.2 [55.8-79.4]
Male gender—n (%) 18 (51.4) 18 (514) 10 (43.5)
BMI—median [IQR] 252 [233-31.6] 246 [21.7-27.1] 27.3 [24.3-294]
Admission to surgical ICU—n (%) 22 (62.9) 22 (62.9) NA
Cardiac surgery—n (%) 7 (20.0) 6 (17.1) NA
Emergency admission—n (%) 32 (914) 31 (88.6) NA
Sepsis upon ICU admission—n (%) 19 (54.3) 20 (57.1) NA
APACHE ll—median [IQR] 33 [27-35] 31 [25-36] NA
NRS score—median [IQR] 4 [3-5] 4 [4-5] NA
Diabetes—n (%) 7 (20.0) 8(229) 3(13.0)
History of malignancy—n (%) 10 (28.6) 10 (28.6) 3(13.0)
Pre-admission dialysis—n (%) 2 (5.7) 0 (0.0) 0 (0.0)
Study day—median [IQR] 8 [8-10] 8 [8-9] NA
SOFA score on randomization day—median [IQR] 8 [6-10] 7 [6-11] NA

Abbreviations: IQR interquartile range, BMI body mass index, ICU intensive care unit, APACHE Acute Physiology and Chronic Health Evaluation, NRS Nutritional Risk

Screening, SOFA Sequential Organ Failure Assessment

and propofol administration in each 12-h period. Energy
from parenteral nutrition included total calories from
parenteral nutrition solutions, glucose-containing fluids,
and propofol. Severe hypoglycemia was defined as arter-
ial blood glucose concentration below 40 mg/dl

We recorded the development of new infections and
the persistent need for hemodynamic support, respira-
tory support and renal replacement therapy at day 7
after randomization or at ICU discharge if patients were
discharged earlier. Hemodynamic support was defined as
mechanical or pharmacological (epinephrine, norepin-
ephrine, dobutamine, dopamine, or vasopressin in any
dose) support, and mechanical respiratory support was
defined as any ventilation method with positive pressure
generation. Patients who died within 7 days after the
intervention were marked as persistently dependent on
hemodynamic and respiratory support. We recorded
mortality within 7 days after randomization, ICU mortal-
ity, and mortality within 90 days after randomization.
The cause of death was recorded for all patients who
died within 90 days after randomization.

Outcome measures

The primary endpoints were a fasting-induced increase
in total serum bilirubin and a decreased insulin need to
maintain normoglycemia. The choice of the primary end-
points was based on well-documented fasting-associated
alterations in healthy individuals and in critically ill pa-
tients in whom parenteral nutrition was withheld until
1 week after ICU admission [4, 18, 25]. Secondary out-
comes were changes in plasma and blood ketone concen-
trations, in serum insulin-like growth factor (IGF-I), and

in serum urea. These parameters are similarly affected by
short-term fasting in healthy humans, except for urea that
shows slower kinetics [18, 19, 26]. Tertiary, exploratory
endpoints included the mRNA and protein expression of
commonly used autophagic markers in whole blood and
isolated white blood cells.

Lab analyses

Total serum bilirubin was measured with a commercially
available assay (Total Bilirubin Reagent, ThermoFisher) and
standards with known bilirubin concentrations (Bilirubin
Standard Kit, Verichem). Serum urea and plasma beta-
hydroxybutyrate (BOH) were measured with commercially
available colorimetric assays (Urea Assay Kit, Cell Biolabs
Inc,; and EnzyChrom Ketone Body Assay kit, BioAssay Sys-
tems). Serum IGF-I was measured with a commercially
available enzyme-linked immunosorbent assay (Human
IGF-I Quantikine ELISA kit, R&D Systems).

Markers of autophagy were investigated in whole
blood and in isolated white blood cells. Whole blood
was collected in PAXgene™ Blood RNA tubes (PreAn-
alytiX) and was stored at — 80 °C until RNA extraction
with PAXgene™ Blood RNA kits (PreAnalytiX). White
blood cells were isolated within 2 h after blood sampling.
Red blood cells were first removed via an osmotically ac-
tive lysis buffer (NH,Cl 8.29 g/l, EDTA disodium 2-H,O
0.0372 g/1, KHCO3 1 g/1). Subsequently, white blood cells
were lysed and stored at — 80 °C until simultaneous ex-
traction of RNA and proteins with NucleoSpin® RNA/
protein filters (Macherey-Nagel). Four hundred fifty
nanograms of mRNA of the PAXgene tubes and 210 ng
mRNA of the isolated white blood cells were reverse
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transcribed to cDNA. Real-time PCR (StepOne Plus,
Applied Biosystems) for gene expression analysis was
performed with use of TagMan chemistry (Applied
Biosystems, Hs00223937_m1 for atg3, Hs00169468_
ml for atg5, Hs00893766_ml for atg7, Hs00177654_
ml for p62). Relative gene expression was determined
with the 2-AACt method using beta-2 microglobulin
(B2M, Hs00187842_m1) as housekeeping gene. Western
blotting was performed on proteins extracted from iso-
lated white blood cells with primary antibodies against
LC3 (Sigma, L7543) and p62 (Novus Biologicals,
H00008878-M01) and against actin (Abcam, ab3280) as
housekeeping protein. Secondary horseradish peroxidase-
conjugated antibodies were purchased from DakoCytoma-
tion. Blots were visualized with the G:BOX Chemi XRQ
(SynGene) and analyzed with SynGene software. Both
real-time PCR and western blot data were expressed rela-
tive to the median of the 23 fed healthy controls.

Statistical analyses

We calculated that a sample size of 70 patients, in a
crossover design using repeated measures ANOVA, with
an alpha level of 0.05, would be able to detect a 0.3 mg/
dl increase in serum bilirubin concentrations with 93%
power and a decrease of 40IU per 24 h in insulin re-
quirements to maintain normoglycemia with 99% power
[28]. The expected effect size and total variance for the
primary endpoints (f=0.169 for serum bilirubin, f=
0.3055 for insulin requirements) were based on changes
observed in the EPaNIC RCT [4], during which nutrition
was abruptly increased from day 7 to day 8 in a subset
of patients.

Variables were summarized as frequencies and per-
centages, medians and interquartile ranges, or means
and standard errors of the mean, as appropriate. Data
were compared with use of repeated measures ANOVA,
Fisher’s exact test, or Mann—Whitney U test, as appropri-
ate. Where needed, data were transformed with a square
root to obtain a near-normal distribution. All statistical
analyses were performed with JMP® Pro (v14.0.0, SAS
Institute). Power was calculated in G*Power (version 3.1.9,
Heinrich Heine Universitit Disseldorf). Two-sided p
values < 0.05 were considered to indicate statistical signifi-
cance, without correction for multiple comparisons.

Results

Patients and intervention

On day 6, 1071 patients were screened for eligibility.
Reasons for exclusion are shown in Fig. 1. On day 8 £ 1,
70 randomized patients received the crossover interven-
tion (7 =35 in each group). Baseline characteristics and
calculated caloric targets were comparable for both
groups (Table 1 and Additional table 3). Over the entire
intervention day, patients received similar amounts of

Page 5 of 12

total calories (p = 0.65), consisting of similar amounts of
enteral (p = 0.82) and parenteral calories (p = 0.30) (Fig. 2
and Additional table 3). During the 12-h feeding interval,
patients received a median of 0.95 kcal/kg/h (interquar-
tile range (IQR) 0.80—1.15 kcal/kg/h) and during the 12-
h fasting interval 0.03 kcal/kg/h (IQR 0.00-0.06 kcal/kg/
h). Patients of both randomization groups received com-
parable amounts of calories during the feeding interval
(p =0.11), whereas during the fasting interval, patients in
the feeding-fasting group received slightly more calories
with a median of 0.04 kcal/kg/h (IQR 0.00-0.11 kcal/kg/
h) as compared to the fasting-feeding group with a me-
dian of 0.00 kcal/kg/h (IQR 0.00-0.01 kcal/kg/h) (p =
0.0004). In the total study population, administered calo-
ries corresponded to 108.1% of the calculated caloric tar-
get (IQR 99.0-119.9%) during the feeding interval and
0.3% of the calculated caloric target (IQR 0.0-7.2%) dur-
ing the fasting interval (Fig. 2). Over the entire study
day, patients reached 55.8% of their calculated caloric
target (IQR 51.2-62.8%).

Metabolic response to 12-h fasting versus feeding

Both serum total bilirubin and insulin requirements were
significantly jaffected by the [intervention (interaction p =
0.002 for serum total bilirubin, interaction p < 0.0001 for
insulin requirements, Fig. 3). Regardless of randomization
for order, [12-h fasting increased serum total bilirubin with
a mean of 0.20 + 0.06 mg/dl (p = 0.0004) and decreased in-
sulin requirements with a mean of 1.16 + 0.14IU/h (p <
0.0001) as compared with feeding. Over the total interven-
tion day, the cumulative insulin dose was similar between
both groups (p = 0.15, Additional table 3).

Plasma BOH and serum IGF-I concentrations were sig-
nificantly affected by the intervention (both interaction
p<0.0001). A 12-h fasting period [increased BOH with a
mean of 0.47 +0.07 mmol/l (p<0.0001) and decreased
IGF-I with a mean of 13.9 + 1.6 ng/ml (p < 0.0001) as com-
pared with the 12-h feeding period. Serum jurea was un-
affected by the intervention (interaction p = 0.68).

Consecutive point-of-care BOH measurements con-
firmed a significantly different time profile for both
randomization groups (interaction p < 0.0001). BOH was
already increased from 4 h fasting onwards and was sup-
pressed from 4h feeding onwards (mean delta BOH
after 4 h of fasting 0.1 + 0.37 mmol/l, after 4 h of feeding
-0.1+0.23 mmol/l, p=0.0001, Fig. 4). BOH remained
elevated throughout the 12-h fasting interval (mean
BOH after 4h of fasting 0.4 + 0.04 mmol/L, after 8 h of
fasting 0.4 + 0.04 mmol/], after 12 h of fasting 0.5 + 0.05
mmol/l). As compared to 4 h fasting, BOH did not sig-
nificantly change over the remainder of the 12-h fasting
interval (mean delta between 4 h and 8 h of fasting 0.0 +
0.04 mmol/l, mean delta between 4h and 12 h of fasting
0.0 + 0.05 mmol/l, p 0.76).
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1071 adult patients were assessed
for eligibility on day 6 in ICU

941 were not eligible:
819 no vital organ support or taking oral nutrition *
50 bilirubin > 5 mg/dI
22 enrolled in other RCT
— 20 moribund or coded DNR
13 interference with clinical activities
11 prolonged pre-existing critical illness (in other ICU)
5 previously enrolled
1 pregnant or lactating

52 were initially considered eligible but not randomized:
35 did not give consent
12 researcher not available
5 gave consent but were not randomized
3 no vital organ support anymore
2 interference with clinical activities

78 underwent randomization on day 7+1 in ICU

N

38 feeding-fasting group
3 were excluded:
2 medical reason **
1 died before start of
protocol

40 fasting-feeding group
5 were excluded:
2 withdrew consent
2 no vital organ support
1 medical reason **

l Intervention on day 81 in ICU l

35 feeding-fasting patients
received the intervention
blood samples were obtained

included in analyses

35 fasting-feeding patients
received the intervention
blood samples were obtained
included in analyses

controlled trial; DNR, do not resuscitate

Fig. 1 Enroliment and randomization. Reasons for ineligibility and non-inclusion of eligible patients are listed. Ultimately, 35 patients per
randomization group completed the study protocol, hence 70 patients in total. *Vital organ support was defined as dependency on mechanical
ventilation and mechanical and/or pharmacological hemodynamic support. **Medical reasons include high glucose need to treat hypernatremia
(n=2) or multiple hypoglycemic episodes between randomization and start of the protocol (n=1). ICU, intensive care unit; RCT, randomized

Autophagy activation in whole blood and white blood cells
mRNA expression of autophagy-related genes was not
significantly affected by the intervention, neither in
whole blood (interaction p 0.08 for p62, 0.75 for atg3,
0.51 for atg5, and 0.64 for atg?7), nor in isolated white
blood cells (interaction p 0.62 for p62, 0.17 for atg3, 0.29
for atg5, and 0.13 for atg?) (Fig. 5). Also in healthy vol-
unteers, there was no effect of nutrition on gene expres-
sion in whole blood when comparing the fasted state to
the fed state (p values for within-subject effect of time
0.40 for p62; 0.58 for atg3; 0.07 for atg5; 0.58 for atg?).
In the isolated white blood cells of controls, fasting

slightly induced expression of atg3 with an increase of
6.7%, but no effect was observed on the other autophagy
genes (p values for within subjects effect of time 0.83 for
p62; 0.04 for atg3; 0.94 for atg5; 0.30 for atg?).

Protein expression of key autophagy markers was not
significantly affected by the intervention (interaction p
0.38 for p62, 0.56 for the ratio of LC3 II/LC3 I, 0.12 for
LC3 [, and 0.37 for LC3 1II) (Fig. 5). Also in healthy volun-
teers, protein levels of these markers were not different
between the fasted and the fed state (p values for within
subjects effect of time 0.91 for p62, 046 for the ratio of
LC3 II/LC3 I, 0.52 for LC3 I, and 0.63 for LC3 II).
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Fig. 2 Calories administered. Daily total calorie administration and calories administered via the parenteral and enteral route separately are shown
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intervention intervals separately. In the top panels, administered calories are expressed as kilocalories per kilogram of body weight per hour. In
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Morbidity and mortality

During the 12-h fasting interval, severe hypoglycemia oc-
curred in 3 patients. All events occurred under treatment
with intravenous insulin; hence, no patient suffered from
spontaneous hypoglycemia. In two of the events, unlike
prescribed in the study protocol, the insulin dose was not
reduced at the start of the fasting interval. All hypoglycemic
events were countered by parenteral glucose administra-
tion. None of the patients died within 24 h after the
hypoglycemic event. In the first week after the intervention,
the incidence of new infections and persistent need for
hemodynamic support, mechanical respiratory support, and
renal replacement therapy were comparable between both
randomization groups (Additional table 3). Mortality within
the first week after the intervention and ICU mortality were
comparable between both randomization groups. Ninety-
day mortality was higher in the feeding-fasting group than
in the fasting-feeding group (p 0.003). Causes of death are
reported in Additional table 4.

Discussion

In this randomized crossover study of 70 prolonged critic-
ally ill patients, we found that|{12-h nutrient restriction ini-
tiated a metabolic fasting response, as evidenced by a rise
in serum total bilirubin and a decrease in insulin needs to
maintain normal blood glucose concentrations. Also, a
rise in plasma BOH and a decrease in serum IGE-I was
observed jwith a 12-h fast, whereas serum [urea was un-
affected. The iincrease in blood BOH was already present
after 4 h of fasting, and prolongation of the fasting period
did not result in a further increase. Neither in healthy con-
trols nor in prolonged [eritically ill patients did a 12-h fast-
ing affect autophagy-related gene and protein expression
in whole blood or isolated white blood cells.

Recent RCTs have shown that accepting an |early
macronutrient deficit by withholding PN in the acute
phase of critical illness may be beneficial, which suggests
that activating a [fasting response may be protective in crit-
ically ill patients [4, 5]. Beyond the acute phase, however,
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starvation may support ONgoing
which is unwanted. Recent studies in other models have

suggested that can also be
brought about by so-called which
llternate periods of restricted feeding with periods of e

limited feeding [19]. Indeed, in healthy adults and [mice,
Fing Foincking {5 IEEGTed e RGBS [POELE
_ and _ markers, which in -
ol also RTETERSEERESAVHEESEE ! [ESEEEE]
lifespan [19]. Interestingly, in an [animal model, @lso in the
ffed phase of the ffasting-mimicking diet, ketone concentra-
tions were Righer than with the ad libitum diet, which
suggests that fasting responses could be |partially main-

ftained in the [fed state [19]. The current study opens per-
spectives for the further design and clinical validation of a
fasting-mimicking diet for critically ill patients. Indeed,

our BHBESHIAY demonstrated that 12 feeding inteEIp1

in prolonged

critically ill patients, with ilicFeases in serum and
blood/plasma BOH and |decreases in [nsulin need and
IGE=L Although the observed differences were relatively
small, fasting-mimicking diets in other settings have
shown similarly small but sustained changes while provid-
ing clinical benefit [19, 29]. In our study, serum [UiFéa was

Inot affected, which may be xplained by the relatively brief
fasting period. Indeed, in healthy adults, Uiréa concentra-
tions only Fose after a considerably longer fasting episode
[18]. On the other hand, iFéa may not be a good marker
of a metabolic fasting response in critically ill patients, in

increased urea-

whom artificial feeding may also result in

of the supplementary provided
amino [acids [30]. Future studies should investigate
whether time-restricted feeding by daily interruption of
artificial feeding for 12h can maintain a sustained meta-

bolic fasting response and whether this allows to induce
autophagy in tissues of interest and [improves clinical
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louteomes. Although speculative, another [potential advan-
{tage of time-restricted feeding could be a bétter preserva-
Gom o [EESTETE B o h EEEER SN
e v e g 131, 1. i e g

also has potential downsides, however, including an in-

creased
be [oportionally inereased in the feeding interval or clsc

a potentially increased risk of feeding intolerance, and po-
tentially which have

been associated with Worse outcome [33, 34].

In contrast to previous [tudies Suggesting iimpaired
Iketogenesis in' critical illness, our results indicate [increased
Kketogenesis already after 4 h'of fasting (22, 23]. Although

speculative, prevention of hyperglycemia in our study may
have played a role. Indeed, concen-

high circulating glucose
trations can suppress lipolysis, and this condition was pred
vented by continuous intravenous insulin administration
[35]. On the other hand, insulin also suppresses lipolysis

and Ketogenesis| [36]. However, our group previously dem-
onstrated in a subanalysis of a RCT that [fight glucose con-
i RG] B o
prolonged critically ill patients, but ot in liver [37]. Hence,
in prolonged [critically ill patients, tight glicose control was
realized with similar serum insulin concentrations as in pa-
tients in whom moderate hyperglycemia was [tolerated, in
o T e T
In both |healthy volunteers and jprolonged critically ill pa-
tients, we did o find any consistent impact of a [12-h fast"

fing episode on gene and protein expression of autophagy-

related genes in whole blood and isolated white blood cells.
This with a previous study that showed

of autophagy in skeletal muscle by withholding PN until
[I"week after ICU admission, which correlated with i
EEEAIRER 4], This <ppveen: BRI
ey poin to TR v

tion. Indeed, in mice, starvation-induced autophagy activa-
tion differed among organs, with a more distinct early
induction in muscle as compared to other tissues [38]. Fur-
thermore, the metabolism of White blood [€€ll§ has been
shown to be relatively Fesistant to [Starvation in healthy
adults [39]. Hence, our data may suggest that blood sam-
at the level of
other tissues, although this requires further investigation in
a study that compares different tissues. Alternatively, the
fasting interval may have been too short to detect fasting-
induced autophagy. However, we also did not find any im-
pact of fasting on autophagic markers in healthy volunteers.

Moreover, @utophagy has been shown to be [activated by
i S o NN NN choush onc

should be cautious when extrapolating results from animals
to humans [40].

Unexpectedly, the study revealed a Significantly different
[90-day mortality between both randomization groups. Al-

though we cannot exclude an impact of randomization, it

Page 10 of 12

appears unlikely that a feeding study only lasting 24h
would affect mortality on a longer term, as [A0N€ of the
large RCTS on nutritional management in the ICU has [ob4
served any impact of nutrition on Survival [33]. Moreover,
short-term morbidity and mortality at day 7 and in ICU
were similar in both groups. Finally, since all patients re-
ceived the same interventions in a crossover design at day 8
in ICU, it seems unlikely that the order of such intervention
would have affected clinical outcome only on the long term.
Instead, it could be that patients in the feeding-fasting
group may have been sicker than the fasting-feeding group,
although this was not captured by the SOFA scores.

The study has important strengths. We demonstrated a
clear initiation of a metabolic fasting response during 2
which was consistently observed on
different metabolic parameters in a crossover design. Our
study inherently has some limitations. The sample size
was relatively small, and the study may have been under-
powered for some secondary endpoints. Second, we only
investigated a 12-h fasting interval, whereby we do not
have data on longer fasting intervals that may induce a
more pronounced metabolic fasting response. However,
the duration of fasting was a pragmatic choice between a
sufficiently long period of fasting while leaving an accept-
able time to feed. Third, differences in concomitant medi-
cation between the two study periods may theoretically
have impacted certain outcome parameters. However, this
risk is minimal in a crossover study, since we expect that
significant medication adaptations on the intervention day
with immediate impact on the studied parameters would
be rare. Fourth,
aformula. Although common practice, this value does not
necessarily match the energy expenditure measured by in-

direct calorimetry. Finally, fo'reduce the metabolic burden

of administering the daily calculated nutrient dose over

lonly 12'h, we only administered half of the calculated daily
in the 12-h feeding interval.

nutrition dose

Conclusion

NP T R v - to [ -
metabolic -- in prolonged critically ill pa-
tients, with increases in bilirubin and |Kétones and [de-
in [insulin needs and IGF-I. Twelve hours fasting
did ot affect markers of autophagy in isolated [White

blood cells and whole blo6d samples of prolonged critic-
ally ill patients or healthy volunteers, and thus, blood
samples may not be a good readout to assess autophagy
at the level of other tissues. The current study opens
perspectives for the development of a fasting-mimicking
diet for critically ill patients, which could consist of re-
peated blocks of 12 h of feeding alternated with 12h of
fasting. Future research should investigate whether such
diet is able to maintain a sustained fasting response and
whether this delivers clinical benefit.
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Supplementary information accompanies this paper at https://doi.org/10.

1186/513054-020-02987-3.

Additional file 1. (VanDyck-ICU-FM-additional_table1). Calculation of
caloric target. Description of data: Formula used to calculate the caloric
target.

Additional file 2. (VanDyck-ICU-FM-additional_table2). Formulas of
enteral and parenteral nutrition. Description of data: Formulas of enteral
and parenteral nutrition used in the study.

Additional file 3. (VanDyck-ICU-FM-additional_table3). Nutrition on the
intervention day and clinical endpoints. Description of data: Nutrition on
the intervention day combined for both intervention windows. ICU-

if the ICU stay was shorter, and for short- and long-term mortality.
Additional file 4. (VanDyck-ICU-FM-additional_table4). Cause of death

died within 90 days after randomization

related complications for 7 days after the study day, or until ICU discharge

for 90 day mortality. Description of data: Cause of death for patients who
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