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Abstract

Background: Muscle weakness is a complication of critical illness which hampers recovery. In critically ill mice, sup-
plementation with the ketone body 3-hydroxybutyrate has been shown to improve muscle force and to normalize
illness-induced hypocholesterolemia. We hypothesized that altered cholesterol homeostasis is involved in develop-
ment of critical illness-induced muscle weakness and that this pathway can be affected by 3-hydroxybutyrate.

Methods: In both human critically ill patients and septic mice, the association between circulating cholesterol con-
centrations and muscle weakness was assessed. In septic mice, the impact of 3-hydroxybutyrate supplementation on
cholesterol homeostasis was evaluated with use of tracer technology and through analysis of markers of cholesterol
metabolism and downstream pathways.

Results: Serum cholesterol concentrations were lower in weak than in non-weak critically ill patients, and in mul-
tivariable analysis adjusting for baseline risk factors, serum cholesterol was inversely correlated with weakness. In
septic mice, plasma cholesterol correlated positively with muscle force. In septic mice, exogenous 3-hydroxybutyrate
increased plasma cholesterol and altered cholesterol homeostasis, by normalization of plasma mevalonate and eleva-
tion of muscular, but not hepatic, expression of cholesterol synthesis genes. In septic mice, tracer technology revealed
that 3-hydroxybutyrate was preferentially taken up by muscle and metabolized into cholesterol precursor mevalonate,
rather than TCA metabolites. The 3-hydroxybutyrate protection against weakness was not related to ubiquinone or
downstream myofiber mitochondrial function, whereas cholesterol content in myofibers was increased.

Conclusions: These findings point to a role for low cholesterol in critical illness-induced muscle weakness and to a
protective mechanism-of-action for 3-hydroxybutyrate supplementation.
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Introduction

Limb and respiratory muscle weakness develop in the
majority of critically ill patients who require a pro-
longed stay in the intensive care unit (ICU), referred

*Correspondence: lieslangouche@kuleuven.be to as ICU-acquired weakness. The pathophysiology of
TChloé Goossens, Ruben Weckx, Greet Van den Berghe and Lies ICU,vauired weakness is Complex and multifactorial
Langouche have contributed equally to this work ith derlvi hani that tively affect B
! Clinical Division and Laboratory of Intensive Care Medicine, Department with underlying mechanisms that negatively allect mus

of Cellular and Molecular Medicine, KU Leuven, Herestraat 49 bus 503, cle function independently from loss of muscle mass [1].
3000 Leuven, Belgium This debilitating complication is associated with greater

Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


https://orcid.org/0000-0002-5320-1362
http://orcid.org/0000-0002-8564-6809
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-021-03688-1&domain=pdf

Goossens et al. Crit Care (2021) 25:252

post-ICU functional impairment, prolonged hospitali-
zation, delayed rehabilitation and late death. Effective
therapies, other than avoiding modifiable risk factors, are
currently lacking [1-4].

Recently, we have shown in critically ill mice that sup-
plementation with 3-hydroxybutyrate (3HB) protects
against muscle weakness [5]. In this sepsis-induced
mouse model of critical illness, 3HB supplementation
did not affect the illness-induced loss of muscle mass,
whereas it did attenuate illness-induced loss of muscle
force. Key underlying mechanisms of muscle weakness,
such as atrophy, autophagy and inflammation, were not
affected by 3HB and 3HB also did not appear to serve
as an alternative energy substrate [5]. Remarkably, 3HB
treatment increased plasma LDL cholesterol up to nor-
mal levels [5]. This was a surprising observation, as
critical illness in humans and in mice is typically char-
acterized by a robust, immediate and sustained decrease
in plasma cholesterol concentrations (LDL and HDL),
which is proportional to the severity of illness and the
risk of death [6—9]. Ketone bodies can theoretically serve
as precursors of cholesterol, after conversion into acetyl-
CoA. Indeed, earlier studies that mainly focused on brain
and liver have shown that ketone bodies, under specific
circumstances such as during development and starva-
tion, can be a preferred substrate for cholesterogenesis
[10-15].

There is emerging evidence also pointing to a role for
cholesterol in controlling muscle function. For example,
cholesterol-lowering statin therapy can evoke muscle
weakness and aches [16]. Such side effects of statins have
been linked to impaired mitochondrial function caused
by reduced ubiquinone levels, a derivative of the cho-
lesterol precursor mevalonate and an essential co-factor
in the mitochondrial respiratory chain [16, 17]. In skel-
etal muscle, cholesterol also plays an important role in
the regulation of myofiber membrane fluidity and signal
transduction processes. Depletion of myofiber membrane
cholesterol has been shown to hamper muscle contrac-
tions [18-20], whereas hereditary muscular dystrophy is
associated with increased myofiber membrane choles-
terol [21, 22]. Despite emerging evidence highlighting a
role of cholesterol in controlling muscle function and the
known hypocholesterolemia of critical illness, the link
between low cholesterol and ICU-acquired weakness has
not been investigated.

We hypothesized that altered cholesterol homeostasis
plays a role in the development of ICU-acquired weak-
ness and that the protective effect of 3HB supplementa-
tion on weakness is related to its effects on cholesterol
homeostasis. These hypotheses were tested in a human
study and in a clinically relevant and validated mouse
model of critical illness evoked by sepsis.
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Methods

Patient study—experimental setup, methods

and statistical analysis

Patients were enrolled in the EPaNIC study, a rand-
omized controlled study that compared providing early
parenteral nutrition (early-PN) with allowing a macronu-
trient deficit during the first 7 days in ICU (late-PN) [23].
In a subset of 600 patients, muscle strength was quanti-
fied with the MRC sum score on post-randomization day
841 [23, 24]. Cholesterol concentrations were measured
with the Amplex " Red Cholesterol Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA) in stored serum
samples taken on admission and day 3 (or the last day if
patients had a shorter ICU stay). Multivariable regression
analysis was used to assess association between serum
cholesterol and muscle strength, after adjustment for
study randomization and baseline characteristics [age,
gender, body mass index (BMI), nutritional risk score
(NRS), severity of illness (APACHE 1II), diabetes, malig-
nancy, pre-admission dialysis, sepsis upon admission
and admission diagnostic categories] and treatment with
statin.

Mouse studies—experimental setup, methods

and statistical analysis

Male 24-week-old C57BL/6] mice were anaesthetized
and received a catheter in the jugular vein, sepsis was
induced by ligation and puncture of the cecum and mice
were treated with antibiotics and analgesia twice daily.
After surgery, mice received continuous fluid resuscita-
tion with a mixture of balanced colloids and crystalloids
for 20 h, thereafter continuous intravenous infusion of
standard mixed PN (Olimel N7E, Baxter, Lessines, Bel-
gium) at 5.8 kcal/day [5, 25].

In the first animal study, mice received twice daily
subcutaneous injections of either 150 mg/day D,L-3HB
sodium salt or isocaloric/isovolumetric D-glucose as
placebo. Pair-fed healthy mice served as controls. After
5 days, mice were anesthetized and sacrificed by car-
diac puncture, plasma, liver and skeletal muscle were
snap-frozen. Gene expression analyses were performed
as previously described [26] with commercial TagMan®
assays (Applied Biosystems, Additional file 1: Table S1).
Plasma cholesterol was measured with the Amplex " Red
Cholesterol Assay Kit, plasma mevalonate and ubiqui-
none-9 concentrations were measured with LC/MS by
BioNotus. Muscle citrate synthase and mitochondrial
respiratory chain complex activities were measured with
spectrophotometry as described previously [27]. For the
quantification of muscle cholesterol content, lipids were
extracted [28] and total cholesterol was measured with
the Amplex" Red Cholesterol Assay Kit.
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In the second animal study, on day 2 or day 5, septic
mice received a subcutaneous injection of 75 mg D,L-
3HB-3C, sodium salt (606030, Sigma Aldrich, St. Louis,
MO, USA). As controls, full-fed mice received an equal
tracer bolus injection. Two hours post-injection, mice
were anaesthetized and sacrificed by cardiac puncture,
plasma, liver and skeletal muscle were snap-frozen.
Tracer incorporation analysis was performed using a
Dionex UltiMate 3000 LC System in-line connected to a
Q-Exactive Orbitrap mass spectrometer.

Normally distributed data were compared with Stu-
dent’s t tests or one-way analysis of variance (ANOVA)
with post hoc Fisher’s LSD test for multiple comparisons
of Student’s t tests, where necessary after transforma-
tion to obtain a near-normal distribution (JMP®Pro12,
SAS Institute Inc). Not-normally distributed data were
analyzed with nonparametric Wilcoxon or Median tests.
Two-sided p values <0.05 were considered statistically
significant in all analyses.

Additional detail on the mouse models and methods is
provided in Additional file 1.

Results

The development of muscle weakness in critically

ill patients is associated with low serum cholesterol
concentrations

In 600 human critically ill patients, we first investigated
whether serum cholesterol concentrations were associ-
ated with the development of muscle weakness (Table 1).
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Muscle weakness was assessed in these patients 1 week
after admission to the ICU, either in the ICU or on the
regular ward, as part of a prospectively planned sec-
ondary analysis of the EPaNIC RCT, which compared 2
nutritional strategies [23, 24]. We quantified serum total
cholesterol concentration on the ICU admission day and
on day 3 or last ICU day (LD) for those patients who
stayed in ICU for less than 3 days. Critically ill patients
who developed muscle weakness displayed lower serum
cholesterol concentrations than non-weak patients
both on admission (mean+SE 67.9+2.5 mg/dl vs.
79.442.0 mg/dl; p=0004) and on day 3/LD (mean=+SE
67.6+£2.1 mg/dl vs. 77.8 £1.8 mg/dl; p=0.0002). In mul-
tivariable analysis adjusted for the randomized nutri-
tional intervention and for baseline risk factors, low day
3/LD cholesterol concentrations remained indepen-
dently associated with the subsequent development of
muscle weakness (Table 2). Of the 600 studied patients,
141 (23.5%) received statin therapy in the ICU at the
time of cholesterol measurement on day 3/LD. As com-
pared with patients who did not receive statins, those
who did displayed lower serum cholesterol (mean=+ SE
66.9+2.1 mg/dl vs. 76.1 + 1.3 mg/dl; univariate p =0.01,
multivariate p=0.04, Additional file 1: Table S2). Statin
therapy itself, however, did not associate with the occur-
rence of weakness (p=0.2). Adding statin therapy to the
multivariable model further strengthened the association
between low serum cholesterol and subsequent develop-
ment of weakness (Table 2).

Table 1 Baseline characteristics of weak and non-weak critically ill patients

Weak patients” Non-weak patients” p value
(n=232) (n=368)
Age—nmedian (IQR) 64.3 (55.8-73.1) 62.2 (50.7-73.3) 0.01
Male gender—n (%) 132 (56.9) 221 (60.1) 04
BMI (kg/mz)—mediam (IQR) 24.8 (22.1-29.1) 252 (22.9-28.4) 03
NRS > 5—n (%) 95 (40.9) 82(223) <0.0001
APACHEIl—median (IQR) 35 (29-40) 26 (18-34) <0.0001
Diabetes—n (%) 37(15.9) 59 (16.0) 1
Malignancy—n (%) 67 (28.9) 96 (26.1) 04
Pre-admission dialysis—n (%) 4(1.7) 2 (0.5) 0.2
Sepsis upon admission—n (%) 141 (60.8) 123 (334) <0.0001
ICU admission categories—n (%) <0.0001
Surgical ICU, emergency 100 (43.1) 159 (43.2)
Cardiac elective surgery 63 (27.2) 139 (37.8)
Other elective surgery 8(34) 27 (7.3)
Medical ICU 61(26.3) 43(11.7)
Randomized to early-PN—n (%) 127 (54.7) 168 (45.6) 0.03

A Muscle weakness was assessed by the Medical Research Center (MRC) sum score: a score of less than 48 is considered weak [24]. BMI is body mass index, or weight
in kilograms divided by the square of the height in meters. APACHEII reflects scores on the Acute Physiology and Chronic Health Evaluation Il (APACHE II) range from
0 to 71, with higher scores indicating a greater severity of illness. NRS reflects Nutritional Risk Screening (NRS) scores which range from 0 to 7, with higher scores

indicating a higher risk of malnutrition



Goossens et al. Crit Care (2021) 25:252 Page 4 of 12

Table 2 Multivariate analysis determining the impact of day 3/LD serum cholesterol on the development of ICU-acquired muscle
weakness in critically ill patients

Acquisition of ICU-acquired weakness”

0Odd ratio (95% ClI) p value
Role of serum cholesterol
Serum cholesterol day 3/LD (per mg/I added) 0.94 (0.89-1.00) 0.05
Randomization to late-PN® 0.69 (0.47-1.00) 0.05
Baseline risk factors
Age (per year added) 01 (1.00-1.03) 0.005
Male gender 0.84 (O 57-1.24) 04
BMI (25-40 kg/m?) 0.83(0.55-1.23) 03
NRS>5 (092 216) 0.1
APACHE Il (per unit added) 0(1.0 13) <0.0001
Presence of diabetes 0.72 (041-1.23) 0.2
Presence of malignancy 0.90 (0.57-142) 0.6
Pre-admission dialysis 2.15(0.35-13. 29) 03
Sepsis upon admission 2.26 (1.42-3.59) 0.0005
Admission categories (compared with medical ICU)
Surgical ICU, emergency 0.68 (0.39-1.16) 0.1
Surgical ICU, elective 1.83 (0.61-5.45) 02
Cardiac surgery 1.84 (0.90-3.75) 0.09
Impact of statin therapy
Statin therapy 0.66 (0.40-1.08) 0.1
Serum cholesterol day 3/LD (per mg/l added) 0.94 (0.89-0.99) 0.03
Randomization to late-PNE 0.68 (0.46-0.99) 0.04
Baseline risk factors
Age (per year added) 02 (1.0 03) 0.002
Male gender 0.86 (O 58-1.27) 04
BMI (25-40 kg/m?) 0.86 (0.58-1.29) 04
NRS>5 (O 94-2. 23) 0.08
APACHE Il (per unit added) 0(1.0 13) <0.0001
Presence of diabetes 0.79 (O 45-1.37) 04
Presence of malignancy 0.89 (0.57-1.41) 0.6
Pre-admission dialysis 2.06 (0.33-12. 58) 04
Sepsis upon admission 0.44 (0.28-0.70) 0.0006
Admission categories (compared with medical ICU)
Surgical ICU, emergency 0.71(041-1.23) 02
Surgical ICU, elective 1.83 (0.61-5.46) 0.2
Cardiac surgery 2.04 (1.00-4.20) 0.05

A Muscle weakness was assessed by the Medical Research Center (MRC) sum score: a score of less than 48 is considered weak [24].

8 The EPaNIC RCT showed that withholding parenteral nutrition until beyond the first week in intensive care unit (ICU) (late-PN) was clinically superior to early
parenteral nutrition supplementing insufficient enteral nutrition (early-PN): it shortened ICU stay, quickened recovery and reduced the acquisition of ICU-acquired
weakness [23, 24]. Study randomization did not affect day 3/LD cholesterol concentrations (72.7 +2.0 mg/dl in early-PN patients vs. 74.9 4+ 2.0 mg/dl in late-PN
patients; p=0.2). See also Additional file 1: Table S2 for the independent association between the factors in this model and serum cholesterol day 3/LD. BMl is body
mass index, or weight in kilograms divided by the square of the height in meters. APACHEII reflects scores on the Acute Physiology and Chronic Health Evaluation Il
(APACHE II) range from 0 to 71, with higher scores indicating a greater severity of illness. NRS reflects Nutritional Risk Screening (NRS) scores which range from 0 to 7,
with higher scores indicating a higher risk of malnutrition

In septic mice, low plasma cholesterol concentrations cholesterol concentrations were decreased after 5 days
correlated with reduced muscle force and both were of illness as compared with healthy controls (Fig. 1a).
increased with 3HB supplementation This was mostly due to reduced plasma concentrations

In parenterally fed prolonged septic mice, plasma total  of esterified cholesterol, not free cholesterol (Fig. 1b, c).
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Fig. 1 Effect of 3-hydroxybutyrate on plasma cholesterol
concentrations and correlations with muscle force. Septic mice
received parenteral nutrition supplemented with 3-hydroxybutyrate
(3HB) or isocaloric glucose as placebo (plcb). a Plasma total
cholesterol concentrations. b Plasma free cholesterol concentrations.
c Plasma esterified cholesterol concentrations. d Correlation between
absolute maximal muscle force and plasma esterified cholesterol
concentrations. Gray line and spread represent fit. Absolute maximal
muscle force was previously quantified in the extensor digitorum
longus (EDL) muscle with ex vivo muscle force measurements

[5] [White: healthy control (ctrl) mice, n=15; orange: septic mice
receiving placebo, n=17; green: septic mice receiving 3HB, n=171].
Data in boxplots represent median and interquartile range; dots
represent outliers. §p <0.05, §§p <0.001 between healthy controls

and septic mice, *p <0.05, **p < 0.01, between groups of septic mice

Total, free and esterified plasma cholesterol concentra-
tions were increased by 3HB supplementation as com-
pared with placebo (isocaloric glucose), up to levels of
healthy control mice (Fig. la—c). Absolute muscle force
correlated positively with plasma esterified cholesterol
concentrations (R2=0.1, p=0.02) (Fig. 1d), whereas no
clear association was observed with plasma free cho-
lesterol (R*=0.009, p=0.5). The observed differences
between placebo-treated and 3HB-treated mice were not
due to a difference in survival (17/20 (85%) for the pla-
cebo group and 17/21 (82%) for the 3HB group, p=0.8,
Additional file 1: Fig. S1).

In septic mice, 3HB supplementation altered cholesterol
homeostasis in skeletal muscle, not in liver

Given that 3HB supplementation in septic mice increased
plasma cholesterol concentrations, we further investi-
gated the effect of 3HB on cholesterol homeostasis dur-
ing sepsis. Plasma mevalonate, a cholesterol precursor of
which plasma concentrations reflect cholesterol synthesis
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[29, 30], was lower in placebo-treated septic mice than in
healthy mice and was normalized with 3HB supplemen-
tation (Fig. 2a).

As the liver is the major site for cholesterogenesis and
for production of esterified cholesterol to be used by
peripheral tissues, we first assessed hepatic gene expres-
sion of key markers of hepatic cholesterol synthesis,
uptake and release (Fig. 2b). Hepatic gene expression of
the main regulator of the cholesterol pathway, Srebf2,
was increased by sepsis whereas hepatic cholesterol-
synthesizing enzymes Hmgcsl and Fdft1 were unaffected,
and Aacs expression was decreased compared to healthy
mice—all irrespective of 3HB treatment (Fig. 2c). Hmgcr
expression was upregulated in 3HB treated mice only
(Fig. 2c). Hepatic expression of LDL-cholesterol uptake
receptor Ldlr and HDL-cholesterol uptake receptor
Scarbl was unaffected by sepsis or 3HB supplementation
(Fig. 2d). Similarly, hepatic expression of transporters
involved in export of cholesterol to bile and gut (Abcg5
and Abcg8) was unaffected by sepsis or 3HB supplemen-
tation (Fig. 2e). In contrast, hepatic expression of trans-
porters of cholesterol to the circulation was upregulated
by sepsis, but again not further affected by 3HB supple-
mentation (Fig. 2e).

Since de novo cholesterol synthesis can occur in most
cell types, and 3HB did not appear to directly affect
hepatic cholesterol homeostasis in septic mice, we also
assessed whether 3HB could have an effect on choles-
terol homeostasis in skeletal muscle. In contrast to liver,
in muscle tissue, expression of Srebf2 was increased by
3HB supplementation (Fig. 2f). Supplementation of 3HB
in septic mice also caused a normalization of HmgcsI and
elevated Hmgcr compared with both placebo-treated sep-
tic mice and with healthy mice, whereas Fdft] and Aacs
were neither affected by illness nor by 3HB supplementa-
tion (Fig. 2f). LDL-cholesterol receptor Ldir was higher
in septic mice receiving 3HB compared to placebo-
treated septic mice and healthy mice, whereas Lpl expres-
sion was unaffected (Fig. 2g). Expression of cholesterol
efflux transporter Abcal was unaffected by illness and of
Abcgl increased with sepsis (Fig. 2h).

To study ketone-to-cholesterol metabolism in more
detail, we performed a second mouse study using tracer
technology to investigate the fate of supplemented
13C,-3-hydroxybutyrate (*C-3HB) as cholesterogenic or
tricarboxylic acid (TCA) cycle substrate in acute (day 2)
and prolonged (day 5) sepsis-induced critically ill mice
(Fig. 3a). At tissue level, supplemented *C-3HB was more
abundantly present in skeletal muscle than in plasma and
less present in liver (Fig. 3b). In general, mevalonate was
the preferred metabolite of injected *C-3HB during sep-
sis, with several-fold higher conversion of *C-3HB to
13C-mevalonate than to TCA cycle metabolites citrate
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and fumarate on both day 2 and day 5 in septic mice, but
not in healthy mice (Fig. 3c). Compared to healthy mice,
13C-mevalonate was sixfold (day 2) and 16-fold (day 5)
increased in skeletal muscle, whereas in plasma and liver,
3C-mevalonate content was only elevated on day 5 of
sepsis (Fig. 3d). In plasma, metabolites '*C-citrate and
13C_fumarate were not affected by sepsis, whereas the
fractional contribution of both metabolites was generally
similarly increased by illness in skeletal muscle and liver,
but to a much lower extent than mevalonate (Fig. 3e, f).

In septic mice, 3HB supplementation-induced altered
cholesterol homeostasis did not affect muscle function

via ubiquinone, but did affect myofiber cholesterol content
As 3HB appeared to be preferentially shuttled into the
cholesterol pathway in skeletal muscle during sepsis, and
improved muscle function has been observed in 3HB-
supplemented septic mice, we also investigated pathways
that link cholesterol to muscle function in septic mice.
The most direct pathway is via the mevalonate-derived
mitochondrial co-factor ubiquinone, which is essential
for mitochondrial electron transport chain function.
However, both in placebo-treated and 3HB-treated sep-
tic mice, plasma ubiquinone concentrations were equally
higher than in healthy mice (Fig. 4a). Furthermore,
reduced activities of mitochondrial citrate synthase and
complex I, indicative of mitochondrial dysfunction, were
observed in skeletal muscle of both placebo-treated and
3HB-treated septic mice (Fig. 4b, c). This suggests that
the observed effects of 3HB on both cholesterol and mus-
cle function were unrelated to ubiquinone and down-
stream mitochondrial function.

Besides its key role in mitochondrial function, myofiber
cholesterol content is also essential for normal muscle
contractility. Most myofiber cholesterol resides within
the cell membranes as free cholesterol. After uptake or
intracellular synthesis, esterified cholesterol is hydro-
lyzed to free cholesterol by NCEH1 before being trans-
ported to the membranes. In septic mice, 3HB caused an
elevation in Ncehl expression in skeletal muscle, com-
pared to both placebo-treated septic mice and healthy
mice, whereas expression of the main enzyme for cho-
lesterol esterification, Acatl, was unaffected by sepsis
and 3HB (Fig. 4d). Furthermore, myofiber cholesterol
content was decreased in septic mice receiving placebo,
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but upregulated to normal levels in 3HB-treated mice
(Fig. 4e). In addition, absolute muscle force significantly
correlated with the myofiber cholesterol content (Fig. 4f),
whereas this was not the case for citrate synthase activ-
ity (R*=0.02, p=0.3), or complex I activity (R>=0.01,
p=0.4).

Discussion

We here demonstrated that altered cholesterol homeo-
stasis is involved in the development of critical illness-
induced muscle weakness, in both human critically ill
patients and septic mice. Furthermore, the previously
observed muscle protection of 3HB supplementation
during sepsis could be linked to effects on cholesterol
homeostasis. In mice, critical illness-induced hypocho-
lesterolemia was prevented with 3HB supplementation.
Supplemented 3HB was preferentially taken up by skel-
etal muscle and used as substrates for cholesterogenesis.
Not ubiquinone formation with downstream muscular
mitochondrial function, but myofiber cholesterol content
was increased and associated with muscle force.

Acute and sustained low circulating cholesterol con-
centrations are a hallmark of critical illness and con-
sidered a marker of poor prognosis [6—9]. The acute
decrease in cholesterol has been interpreted as linked
to increased cortisol production and to endotoxin-scav-
enging functions, but the exact pathophysiology remains
unclarified [31-35]. We demonstrated in critically ill
patients that reduced circulating cholesterol levels were
associated with the subsequent development of muscle
weakness, and this independently from the severity or
type of critical illness and independently from whether
patients received early parenteral nutrition. Also in sep-
tic mice, the low plasma cholesterol concentrations and
the low myofiber cholesterol content correlated with
impaired muscle force generation. In addition, 3HB sup-
plementation of septic mice was able to normalize cho-
lesterol levels in plasma and in skeletal muscle and its
protective effects on muscle force could be linked to
increased myofiber cholesterol content.

Statin-induced lowering of cholesterol has been
linked to statin-induced muscle aches and muscle weak-
ness [16]. In this context, research has mainly focused
on ubiquinone, a derivative of the cholesterol precur-
sor mevalonate, which is an essential co-factor in the

(See figure on next page.)

Fig. 2 Effect of 3-hydroxybutyrate supplementation on cholesterol homeostasis. Septic mice received parenteral nutrition supplemented with

3-hydroxybutyrate (3HB) or isocaloric glucose as placebo (plcb). a Plasma mevalonate concentrations. b Overview of main enzymes involved in

cholesterogenesis. ¢ Relative MRNA levels of genes involved in hepatic cholesterol synthesis, d hepatic cholesterol uptake, e hepatic cholesterol
efflux, f muscle cholesterol synthesis, g muscle cholesterol uptake and h muscle cholesterol efflux. Gene expression data are normalized to Hprt
or Rn18s and shown relative to the mean of healthy controls (ctrl) [White: healthy controls, n=15; orange: septic mice receiving placebo, n=17;
green: septic mice receiving 3HB, n=17]. Data in boxplots represent median and interquartile range; dots represent outliers. §p < 0.05 §§p <0.01
§8§p <0.001 between healthy controls and septic mice, *p < 0.05, **p <0.01, ***p < 0.001 between groups of septic mice
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mitochondrial respiratory chain [16, 17]. Ubiquinone
deficiency and impaired mitochondrial function have
been described during sepsis [36, 37]. Plasma ubiqui-
none is often used as clinical proxy for functional tis-
sue levels [34]. Remarkably, we found increased plasma
ubiquinone concentrations in all septic mice, unaffected

by 3HB supplementation. Possibly, these high plasma
levels are due to leaking of ubiquinone into the circula-
tion after sepsis-induced mitochondrial and/or tissue
damage. Mitochondrial function was indeed found to be
impaired in skeletal muscle of the septic mice, but it was
unaffected by 3HB supplementation and mitochondrial
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content. Septic mice received parenteral nutrition supplemented with 3-hydroxybutyrate (3HB) or isocaloric glucose as placebo (plcb). a Plasma
ubiguinone-9 concentration [White: healthy controls (ctrl), n=13; orange: septic mice receiving placebo, n=15; green: septic mice receiving 3HB,
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functional test results did not correlate with muscle
force. In contrast, total cholesterol content in myofibers
was lowered by sepsis, increased by 3HB supplementa-
tion and positively correlated with muscle force. Fur-
thermore, increased gene expression of Nce/l in muscle
may suggest enhanced hydrolysis of de novo synthetized
cholesterol, and such hydrolyzed cholesterol is the main
form of cholesterol present in cell membranes. Deple-
tion of myofiber membrane cholesterol has indeed been
shown to impair muscle contraction [18-20].

In mice, 3HB supplementation not only increased cho-
lesterol content in myofibers, also plasma cholesterol
concentration was increased. However, how 3HB sup-
plementation affected plasma cholesterol concentrations
remains speculative. Hepatic cholesterol homeostasis
was largely unaffected by 3HB supplementation, sug-
gesting that the liver was not involved in altered plasma
cholesterol. Possibly, increased uptake of 3HB in skeletal

muscle, followed by ketone-to-cholesterol metabolism,
may have reduced the need for muscular cholesterol
uptake from the circulation. Whether this was sufficient
to increase plasma cholesterol levels, or whether other
mechanisms in other organs may be involved remains
to be investigated further. In general, high-fat ketogenic
diets tend to increase circulating cholesterol concentra-
tions, possibly through higher consumption of dietary
cholesterol in combination with enhanced ketone-to-
cholesterol metabolism [38, 39]. Conversely, exogenous
administration of ketone esters has been shown to
either not affect [40] or reduce [41] plasma cholesterol
concentrations. However, the experiments with ketone
esters were performed in healthy full-fed rodents and
humans, which is quite a different context than that of
critical illness which is hallmarked by low circulating
cholesterol. Additionally, in healthy individuals, ketone
bodies are primarily shuttled into the TCA cycle, which
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could theoretically reduce the availability of acetyl-CoA
for cholesterogenesis [42]. In septic mice however, it has
already been observed that ketone bodies are preferential
used as signaling molecules, not energy substrates, indi-
cating that other metabolic pathways may be activated
[5]. Indeed, with state-of-the art tracer technology we
here could demonstrate that conversion of 3HB to meva-
lonate was several-fold higher than conversion to the
TCA cycle metabolites citrate and malate in septic ani-
mals, though not in healthy mice.

Whether direct cholesterol substitution therapy could
benefit the critically ill patient has not been investigated.
Therapies that mimic the endotoxin-scavenging role of
cholesterol, such as treatment with a phospholipid emul-
sion or polymyxin B hemoperfusion, have been unsuc-
cessful in improving outcome [43, 44]. At present, a
Phase I/1I feasibility trial is ongoing to test whether cho-
lesterol levels can be stabilized with a lipid emulsion in
septic patients, but no clinical endpoints are investigated
yet [45]. Therefore, the novel finding presented here, an
effect of 3HB supplementation on cholesterol homeo-
stasis during sepsis, is quite promising. In our mice
experiments, 3HB did not cause the hepatic adversities
associated with infusion of high lipid doses [5], and the
local effect of 3HB on cholesterol homeostasis in skel-
etal muscle may be an advantage. In addition, 3HB sup-
plementation in septic mice has previously been shown
to stimulate markers of muscle regeneration, a process
that is impaired in patients suffering from ICU-acquired
weakness [5, 46]. This dual effect of 3HB on muscle
force generation and muscle regeneration may sup-
port the therapeutic potential, which should be further
investigated.

This study also has limitations. First, we used a multi-
variate logistic regression model to assess the independ-
ent association of plasma cholesterol with weakness in
human critically ill patients. Due to the inherent limi-
tations of such a statistical analysis, we cannot exclude
that the observed effect of cholesterol on muscle weak-
ness is partly confounded by other factors. The pres-
ence of sepsis was the strongest determinant for muscle
weakness and also is a strong suppressor of plasma
cholesterol [9]. However, the independent associa-
tion, observed in our controlled septic animal model,
strongly argues against this confounder. Second, mice
typically have much lower plasma LDL cholesterol and
higher plasma HDL compared to humans [47]. We
assessed total plasma cholesterol in both the human
and animal study, but extrapolations on the contribu-
tion of the different lipoproteins between these spe-
cies have to be done with caution. Future studies on
the role of cholesterol in sepsis should consider using
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humanized mice models to better mimic the human
setting [48, 49].

Conclusions

This study describes a possible role of cholesterol in pre-
venting ICU-acquired weakness and points toward a
mechanism-of-action underlying the 3HB-induced pro-
tection against muscle weakness in sepsis. These findings
open novel perspectives for prevention and/or treatment
of this debilitating complication of critical illness.
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