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Hepatic ketogenesis is not required for
starvation adaptation in mice
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ABSTRACT

Objective: In response to bacterial inflammation, anorexia of acute illness is protective and is associated with the induction of fasting metabolic
programs such as ketogenesis. Forced feeding during the anorectic period induced by bacterial inflammation is associated with suppressed
ketogenesis and increased mortality. As ketogenesis is considered essential in fasting adaptation, we sought to determine the role of ketogenesis
in illness-induced anorexia.

Methods: A mouse model of inducible hepatic specific deletion of the rate limiting enzyme for ketogenesis (HMG-CoA synthase 2, Hmgcs2) was
used to investigate the role of ketogenesis in endotoxemia, a model of bacterial inflammation, and in prolonged starvation.

Results: Mice deficient of hepatic Hmgcs2 failed to develop ketosis during endotoxemia and during prolonged fasting. Surprisingly, hepatic
HMGCS2 deficiency and the lack of ketosis did not affect survival, glycemia, or body temperature in response to endotoxemia. Mice with hepatic
ketogenic deficiency also did not exhibit any defects in starvation adaptation and were able to maintain blood glucose, body temperature, and lean
mass compared to littermate wild-type controls. Mice with hepatic HMGCS2 deficiency exhibited higher levels of plasma acetate levels in
response to fasting.

Conclusions: Circulating hepatic-derived ketones do not provide protection against endotoxemia, suggesting that alternative mechanisms drive
the increased mortality from forced feeding during illness-induced anorexia. Hepatic ketones are also dispensable for surviving prolonged
starvation in the absence of inflammation. Our study challenges the notion that hepatic ketogenesis is required to maintain blood glucose and
preserve lean mass during starvation, raising the possibility of extrahepatic ketogenesis and use of alternative fuels as potential means of

metabolic compensation.

© 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION

Physio-behavioral responses to infection and inflammation such as
anorexia are part of a collection of sickness behaviors that are
evolutionarily conserved across many species [1]. We previously
showed that feeding mice during the period of anorexia has divergent
effects on survival in bacterial, viral, and parasitic infections [2,3]. In
bacterial infection or sterile inflammation modeled by lipopolysac-
charide (LPS) endotoxemia, we found that feeding, specifically glucose
supplementation, promotes mortality [2], suggesting an inherent pro-
tective effect of anorexia and fasting metabolism.

Hepatic ketogenesis is an obvious candidate for the protective effects
of starvation because its induction during fasting results in millimolar
concentrations of acetoacetate and [-hydroxybutyrate in circulation.
These ketones are derived from the catabolism of fatty acids, but
unlike fatty acids, they are universal substrates for nearly all oxidative
cells. As a fundamental fasting adaptation metabolic pathway, keto-
genesis is considered vital to surviving prolonged starvation. The key
role of ketogenesis during nutrient scarcity is to supply energy to

glucose-dependent tissues such as the brain, while sparing gluco-
neogenesis, which in turn minimizes protein catabolism for gluco-
neogenic substrate. As the reduction in protein catabolism during
prolonged starvation is mandatory for survival, ketogenesis is thus
considered indispensable in mammalian metabolic starvation adap-
tation. In addition to being an alternative fuel, ketones also act as
signaling molecules, mediate post translational protein modification,
and attenuate inflammatory and oxidative stress responses [4]. Since
ketogenesis is rapidly suppressed by glucose supplementation, we
hypothesized that ketones mediate the protective effect of anorexia
induced during bacterial inflammation.

Mitochondrial 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2 (HMGCS2)
is the rate-limiting enzyme required for ketogenesis. We previously
showed that liver HMGCS2 is required for the generation of circulating
ketones during fasting [5]. Specifically, mice with inducible
hepatocyte-specific deletion of Hmgcs2 were unable to develop fasting
ketosis. Using this mouse model of hepatic ketogenic deficiency, we
sought to examine the role of ketogenesis in organismal survival in
response to bacterial inflammation. Despite a period of anorexia
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induced by LPS, mice with hepatic ketogenic deficiency and an inability
to induce ketosis demonstrate no difference in survival from endo-
toxemia compared to their wild-type littermates. We subsequently
observed that hepatic ketogenesis is surprisingly not required for
prolonged starvation adaptations.

2. MATERIAL AND METHODS

2.1. Mice

All animal experiments were performed in accordance with institutional
regulations after protocol review and approval by Institutional Animal
Care and Use Committees at University of Texas Southwestern Medical
Center.  Alb-CreERT2:Hmges2”"  (or  AIBMMI%2K0)  ang  Sixo-
Cre;Hmges2™ mice were generated as previously described [5].
Alp"MIcS2KO mice (10—12 weeks old) and Hmges2™" littermate controls
were gavaged once with tamoxifen in peanut oil (70 mg/kg body weight,
Sigma). The MITO-Tag mice [6] were bred with Pvalb-Cre [7] mice to
generate a mouse model PvAlb-Cre;MITO-Tag (or PvAIb-MT) with distal
convoluted tubule specific [8] mitochondrial tags. The MITO-Tag
construct contains GFP which was used for cell-specific mitochon-
drial immunostaining. C57BL/6J (RRID:IMSR_JAX:000664), MITO-Tag
(RRID:IMSR_JAX:032290) and Pvalb-Cre (RRID:IMSR_JAX:017320)
mice were purchased from Jackson Laboratory. All mouse strains were
maintained on a C57BL/6 background and housed under standard
laboratory conditions with a 12 h light:dark cycle.

2.2. Murine endotoxemia model

Mice were injected intraperitoneally with 10 mg/kg of LPS derived from
Escherichia coli 055:B5 (Sigma—Aldrich, L2880) diluted in (10*body
weight) uL of sterile PBS. During endotoxemia, if a mouse was unable
to right itself or had a temperature below 23 °C, the mouse was hu-
manely euthanized.

2.3. Mouse fasting experiments

Mice were provided ad libitum access to water and standard chow
(Harlan Teklad, 2916) or fasted for up to 72 h or 96 h and then re-fed.
During the fasting period, if a mouse lost more the 30% of baseline
body weight or had a temperature below 23 °C, the mouse was hu-
manely euthanized.

2.4. Plasma metabolite measurements

Blood glucose and blood ketones (beta-hydroxybuytrate, BOHB) were
determined by whole blood via tail vein prick and measured via
glucometer (OneTouch) and ketone meter (Keto-Mojo), respectively.
For other tests, retro-orbital or submandibular blood was harvested,
and plasma was isolated using lithium heparin coated plasma sepa-
rator tubes (BD). Plasma non-esterified fatty acid concentration was
measured using a kit according to the manufacturer’s protocols (Wako
Diagnostics). Plasma total ketones and BOHB were measured using
enzymatic colorimetric assay kits (Wako Diagnostics), and acetoace-
tate (AcAc) levels were calculated based on the difference between
total ketones and BOHB.

For plasma amino acids analysis, thawed plasma samples were
immediately spiked with labeled amino acid internal standards
(Cambridge Isotope Laboratories, Inc., Sigma—Aldrich) and cold
acetone. The extraction and derivatization of amino acids from liver
were prepared as previously described [9]. The separation of amino
acids was achieved on a reverse phase C18 column (Xbridge, Waters,
Milford, MA; 150 x 2.1 mm, 3.5 um) with a gradient elution. Amino
acids were detected using the MRM mode by monitoring specific
transitions under positive electro spray on Triple Quad™ 5500+ QTrap

LC/MS/MS mass spectrometer (Applied Biosystems/Sciex In-
struments). Quantification was done by comparison of individual ion
peak areas to that of an internal standard.

To measure organic acids in plasma, 50 pl plasma was mixed with
labeled organic acid internal standards (Cambridge Isotope Labora-
tories, Inc., Isotec, Sigma—Aldrich), 350 pl of 0.8% sulfosalicylic acid
and 50 pl of 5 M hydroxylamine-HCI solution, and then centrifuged
(21,000 g, 10 min, 4 °C). The supernatant was neutralized with 2 M
KOH to pH 6—7 and then incubated at 65 °C for 60 min. The reaction
mixture was acidified using 2 M HCI (pH 1—2), saturated with sodium
chloride, and extracted with ethyl acetate. The dried extract was dis-
solved with acetonitrile and MTBSTFA as silylation reagent and incu-
bated at 60 °C for 60 min. The derivatives were analyzed by Agilent
7890A gas chromatograph interfaced to an Agilent 5975C mass-
selective detector (70 eV, electron ionization source). An HP-5ms GC
column (30 m x 0.25 mm I.D., 0.25 pm film thickness) was used for
all analysis [10].

Plasma acetate was measured by gas chromatography/mass spec-
trometry (GC/MS) via the UT Southwestern Children’s Medical Center
Research Institute Metabolomics Facility. The measurement protocol
was modified based on methods described by Tumanov et al. [11].
Briefly, 40 pl of plasma samples were run on a GC/MS (Agilent
Technologies, #5977A) with Zebron ZB-1701 GC Columns (Phenom-
enex, #7HG-GO06-11). A standard curve was prepared and run with
the samples. The curve was a 12-point standard curve for quantitation
with 20 pl of 1 mM ds-sodium acetate (Sigma, 176079), 0—70 pl of
1 mM sodium acetate (Sigma—Aldrich; S2889) and Optima LC/MS
grade water to bring the final volume to 100 pl. Using the quantitation
standard curve as a guide for retention times, the peaks that were
monitored across all samples were m/z 61 and 64 representing 126.-
acetate and ds-acetate, respectively. Concentrations were calculated
using the standard curve.

2.5. Metabolic chamber studies

Energy expenditure and oxygen consumption before and after fasting
were measured by indirect calorimetry using metabolic chambers (TSE
via the UT Southwestern Metabolic Phenotyping Core). A 4-day period
of acclimation was followed by 2 days of ad libitum feeding recording
prior to fasting. After 2 days of baseline recordings, food was removed
and recordings were continued for 72 h.

2.6. Body composition analyses

Lean and fat mass were measured by nuclear magnetic resonance
(NMR) use an EchoMRI-100 analyzer. For liver glycogen measure-
ments, livers were rapidly harvested from ad libitum fed WT and
AIbHMIcs2KO mice 72 h after oral tamoxifen administration, immediately
flash frozen in liquid nitrogen, and then stored in —80 °C. Liver
glycogen was then measured using a colorimetric assay (Abcam
ab65620) following manufacturer’s instructions. Liver triglycerides
were extracted using the Folch Method [12] and assayed using Tri-
glycerides Reagent (Thermo Scientific TR22421) in conjunction with
the Matrix Plus Chemistry Reference Kit (Verichem Laboratories 9500).
Briefly, liver was weighed before flash freezing, followed by suspen-
sion in 1 mL Folch solution (2:1 chloroform:methanol) and bead ho-
mogenized in Fisherbrand™ Pre-Filled Bead Mill Tubes using a
Fisherbrand™ Bead Mill 24 Homogenizer. Homogenates were trans-
ferred to glass tubes, and bead tubes were washed with an additional
1 mL of Folch solution followed by combination with homogenates. An
additional 3 mL of Folch solution and 1 mL of PBS were added to glass
tube followed by vortexing. Tubes were then centrifuged at 1500 x g for
10 min, and the lower phase containing triglycerides was collected and
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transferred to a new vial. 80 pl of this solution was aliquoted and dried
by nitrogen jets. Dried samples and standards were then resuspended
in triglycerides reagent and measured per the manufacturer’s protocol.
Final tissue concentrations were normalized to extracted tissue weight.

2.7. RNA extraction and quantification

For tissue RNA extraction, tissues were harvested into RNA-STAT RNA
isolation reagent (Tel Test, Inc) and disrupted by bead homogenization.
RNA was extracted using Direct-Zol (Zymo Research) kits per manu-
facturer’s protocol. cDNA synthesis was performed using MMLV
reverse transcriptase (Clontech) with oligo(dT) primers. qRT-PCR re-
actions were performed on a QuantStudio7 Flex (Applied Biosystems)
using iTag™ Universal SYBR Green Supermix (Bio-Rad). Transcript
levels were normalized to Rp/13a. Primers (Sigma) used for qRT-PCR
are listed in Supplemental Table 1.

2.8. Immunoblot

Harvested tissues were snap-frozen in liquid nitrogen then bead ho-
mogenized in either RIPA buffer (Teknova) for liver, heart and kidney
tissues or N-PER™ Neuronal Protein Extraction Reagent for brain
samples (ThermoFisher), both supplemented with HALT protease and
phosphatase inhibitors (ThermoFisher). 30 pg of protein/sample were
loaded into 4—20% Mini-PROTEAN TGX stain-free polyacrylamide gels
(Bio-Rad), transferred onto activated PVDF membrane (Bio-Rad),
blocked in 5% milk in TBST for 30 min, and incubated with primary
antibodies (Supplemental Table 2) overnight at 4 °C. Membranes were
washed, then incubated with secondary antibodies for 1 h at room
temperature. Protein was visualized using enhanced chem-
iluminescence reagent (Bio-Rad) and densitometry determined based
on total protein in Image Lab (Bio-Rad).

2.9. Immunostaining

Kidneys were harvested and fresh frozen in OCT for immunofluores-
cent staining. Kidney sections (6 pm) were fixed with 4% PFA for
30 min and blocked in 5% normal donkey serum for 1 h at room
temperature. For brain immunostaining, mice underwent cardiac
perfusion fixation with 10% neutral buffered formalin. The brain was
harvested and fixed with 10% neutral buffered formalin overnight at
4 °C and then incubated in 30% sucrose in PBS until the tissue
submerged. Brain sections were embedded in OCT and 6 um cry-
osections were blocked with 5% normal donkey serum and 3% Triton
X-100 for 1 h at room temperature. Primary antibodies (Supplemental
Table 2) were incubated overnight at 4 °C and secondary antibodies
were incubated for 1 h at room temperature. Images were taken with a
Nikon Eclipse 80i microscope using a Nikon DS-Fi3 camera or Keyence
BZX-800 microscope and processed in ImageJ.

2.10. Statistics

Statistical analyses were performed using Prism 10.0 (GraphPad).
Mantel—Cox log rank test was used to compare survival curves. Stu-
dent’s unpaired two-way t-test and two-way ANOVA with Sidak’s
multiple comparison analysis were used when appropriate. Data
expressed as mean = SD. A Pvalue < 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Circulating liver-derived ketones are not required for surviving
endotoxemia

Although ketogenesis during endotoxemia is blunted when compared
directly to fasting ketosis in the absence of inflammation or infection
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[13—15], mice developed a period of anorexia that is associated with
ketosis in response to LPS (Figure 1A, B). We previously showed that
glucose supplementation suppressed LPS-induced ketosis and
increased mortality [2]. We proposed that ketogenesis was mediating
the protective effects of sickness-induced anorexia in bacterial
inflammation. However, whether ketosis secondary to LPS-induced
anorexia is a protective response is unsettled. To assess the role of
circulating ketones in sepsis, we used a mouse model with inducible
hepatic-specific Hmges2 deletion  (Alb-CreERT2:Hmges2™" or
Alb"mIes2K0) g previously described [5]. Two weeks after tamoxifen
administration in adult mice, hepatic HMGCS2 protein abundance was
decreased by 99.97 + 0.006% in both ad libitum fed and 24-h fasted
AIb"™IeS2K0 (Eigure 1C). The Alb™I%2K0 goes not affect HMGCS2 in
extrahepatic organs (Figure 1D and [5]). While HMGCS2 deficiency in
humans, germline Hmgcs2 deletion in mice, or short term Hmgcs2
knockdown in neonatal mice results in hepatomegaly and hepatic
steatosis [16—18], ad libitum fed liver wet weights and hepatic tri-
glyceride (TG) content did not differ between Alb"™9%2K0 mice and
wild-type littermates (Figure 1E, Supplemental Figure 1A). The lack of
hepatic steatosis two weeks after tamoxifen induced hepatic Hmgcs2
deletion is consistent with a model of short-term Hmgcs2 knockdown
in adult mice on standard chow [18].

We confirmed that, similar to fasting [5], Al mice were
incapable of increasing plasma total ketone levels in response to LPS
(Figure 1F). Given the association between glucose-induced sup-
pression of ketogenesis and increased mortality during endotoxemia,
we next asked whether Alb"™9%2K mice would be more susceptible to
LPS mortality due to the lack of ketone production. Interestingly,
despite the inability to induce ketosis in response to a LPS challenge,
both male and female Alb"™9%?KC mice did not fare worse than their
littermate controls (Figure 1G). AIb"™9%2K0 mice also maintained their
body temperatures, similar to wild-type controls (Figure 1H). While
ketosis is thought to preserve fasting glycemia by providing abundant
alternative fuel [4], it is surprising that Alb"™M9%%%0 mice were able to
maintain similar blood glucose levels compared to wild-type mice and
were able to recover from LPS-induced hypoglycemia (Figure 1l). Thus,
although suppression of ketogenesis by forced feeding in the context of
inflammation-induced anorexia is associated with increased mortality,
ketosis is not required for surviving bacterial inflammation.

megcszKO

3.2. Hepatic ketogenesis is not required for starvation adaptation

Ketogenesis is considered indispensable in mammalian metabolic
starvation adaptation. LPS induced anorexia can last 24—72 h
(Figure 1A), and yet AIb"™M3%2K0 mice are able to adapt without sig-
nificant morbidity or mortality. Previous studies using a model of sys-
temic Hmgcs2 anti-sense oligonucleotide (ASO) knockdown proposed
that ketone metabolism plays a more important role in preserving he-
patic intermediary metabolism than providing energy to extrahepatic
organs [18]. However, these studies examined overnight fasting periods
or metabolic conditions in the context of overnutrition using a high fat
diet model. Thus, we next examined whether Alb™"™3%2X0 mice could
tolerate prolonged starvation without an inflammatory stimulus. Similar
to a LPS challenge, both male and female Alb"™9%52K0 mice developed
similar levels of hypoglycemia compared to littermate controls during
72 h of fasting, despite the lack of ketosis (Figure 2A, B). Alp"im9cs20
mice and controls lost the same amount of body weight during fasting
(Figure 2C). Body temperatures trended lower in female Alp"™m9cs2K0
mice during the 72-h fasting period, however, at each individual time
point, the body temperatures did not reach statistical significance
(Figure 2D). As expected, the fasting-inductions of B-hydroxybutyrate
(BOHB) and acetoacetate (AcAc) blood concentrations were lost in
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Figure 1: Lack of ketosis does not affect survival from endotoxemia. (A—B) C57BL/6J mice were challenged with 10 mg/kg i.p. LPS. (A) Food intake shown as grams per hour.
n = 8. (B) Plasma total ketones after LPS challenge. n = 7. (C—D) WT and Alb™™°52%0 (K0) mice were ad libitum fed or fasted for 24 h 2 weeks after tamoxifen administration.
Whole tissue protein lysates immunoblotted for HMGCS2. (E) Liver triglyceride concentrations (mg/g tissue) in ad libitum fed mice 2 weeks after tamoxifen administration. n = 4—
5/group. (F) Plasma total ketones 24 h after PBS vehicle or 10 mg/kg i.p LPS challenge. n = 4—11/group. (G—1) WT and Alb"™9%2K0 mice were challenged with 10 mg/kg i.p.
n = 28/group (male), n = 14—16/group (female). (G) Kaplan—Meier survival curve. (H) Rectal body temperatures. (I) Blood glucose. Data expressed as mean =+ SD,
*HEEP < 0.0001, ns (not significant); two sided unpaired t-test (E), two-way ANOVA with Sidak’s multiple comparisons test (F) with mixed effects (H, I), Mantel—Cox test (G).

AlbHmIos2K0 mice put the loss of ketogenesis had no effect on circu-

lating non-esterified fatty acids during fasting (Figure 2E). As we did not
observe any mortality with 72 h of fasting, we next assessed the survival
of Alb"™MI¢52X0 mice during a prolonged 96-h fast with refeeding. Sur-
prisingly, female Alb"™9¢52%0 mice exhibited no difference in survival
compared to wild-type littermates, while the male Ab"™9%52X0 mice had
better survival (Figure 2F).

3.3. Hepatic ketogenesis does not preserve lean mass during
prolonged fasting

Starvation ketosis has long been thought to provide a non-carbohydrate
fuel for the brain’s energy needs, thus decreasing glucose consumption
and sparing the mobilization of muscle protein as a source of gluco-
neogenic substrate [19]. To assess the changes in lean muscle mass in
AlIb"™92K0 mice we measured whole body composition before and
during a 72-h fast. Interestingly, both male and female Alb"™9%52X0 mice
exhibited similar lean muscle mass loss compared to WT littermates

throughout the fasting period (Figure 3A—C). There were no significant
differences in the expression of proteolysis genes known to be differ-
entially regulated during fasting [20] between Alb"™MI%%0 mice and WT
mice (Figure 3D). Although we did not observe a difference in liver and
adipose tissue wet weights at baseline and after 24 h of fasting between
Alb"MI%2K0 and WT male mice (Supplemental Figure 14), we observed
that male, but not female Alb"™9%2K0 mice had higher absolute fat mass
at baseline, prior to the fast, as measured by whole body NMR
(Figure 3E, F). However, both male and female Alb"™%%0 mice lost a
lower percent of fat mass over the 72-h fast (Figure 3G). To better
understand the apparent discordance between the difference in fat mass
loss compared to the lack of differences in body weight and lean mass,
the absolute body weight, fat mass and lean mass differences were
compared (Supplemental Tables 3 and 4). The body weight and lean
mass differences between the Alb"™9%0 and WT mice are small
relative to the overall body weight and lean mass, while the fat mass
difference is large in proportion to the overall fat mass. While there was a
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Figure 2: Mice with hepatic ketogenic deficiency do not exhibit any defects in starvation adaptation. (A—D) WT and Alb"™9%?K0 mice were fasted for 72 h n = 19—20/group
(male), n = 15—16/group (female). (A) Blood ketones, beta-hydroxybutyrate (BOHB) measured by ketone meter. (B) Blood glucose. (C) Body weight. (D) Rectal body temperatures.
(E) WT and Alb"™3%%0 mice were fasted for 24 h. Plasma BOHB and Acetoacetate (AcAc, which was calculated by the difference between total ketones and BOHB) measured by
colorimetric assay (Wako), and plasma non esterified fatty acids (NEFA). n = 7—13/group. (F) Survival after WT and Alb"™9%2K0 mice were fasted for 96 h and then refed.
n = 19—20/group (male), n = 15—16/group (female). Data expressed as mean =+ SD, **P < 0.01, ****P < 0.0001, ns (not significant); two-way ANOVA with Sidak’s multiple

comparisons test (E) with mixed effects (A—D), Mantel—Cox test (F).

difference in the rate of fat mass loss, fasting lipolysis gene expression
[21] in epididymal white adipose tissue was not significantly different in
fed and 24-h fasted Alb"™MI%2K0 mice compared to WT mice (Figure 3H).
As these experiments were performed two weeks after tamoxifen
administration for Hmgcs2 deletion, we considered the possibility of
potential effects of ketogenic deficiency increasing fat mass in male
mice prior to fasting and therefore improving starvation survival.
Although Hmgcs2-targeted ASO treatment for 11 days in postnatal
mice and 4 weeks in adult mice resulted in a 70% and 88% decrease
in HMGCS2 protein abundance, respectively [18], we found that
tamoxifen administration 72 h prior to initiation of fasting decreased
hepatic HMGCS2 protein abundance by 87.04 + 6.64% and was
sufficient to induce a 91.74 + 3.54% decrease in fasting ketones
(Figure 4A—C). Ad libitum fed liver TG levels are also no different
between AIb"™I%K0 mice and wild-type littermates 72 h after
tamoxifen administration (Figure 4D). Using this tamoxifen

administration schedule, 72 h prior to food removal, we found that
male Alb"™9¢52X0 mice no longer had a difference in baseline fat mass.
They continued to exhibit not only a similar physiologic fasting adap-
tation (Figure 4E—L, Supplemental Figure 1B, Supplemental Table 5),
but also had improved survival to starvation compared to wild-type
littermates (Figure 4M). These data suggest that hepatic ketogenesis
is not required to maintain lean muscle mass in starvation adaptation.
In male mice, it appears that the lack of fasting ketosis may decrease
overall fat mass losses during prolonged fasting and improve survival.
It is unclear why induced hepatic Hmgcs2 deletion 72 h prior to
starvation initiation provides an additional survival advantage in male
mice. It is possible that the minimal residual HMGCS2 protein and
plasma ketones in this rapid deletion model provide more protection
than either wild-type preserved HMGCS2 hepatic expression or com-
plete hepatic HMGCS2 loss. More work is needed to determine the
mechanism of enhanced survival.
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Figure 3: Hepatic ketogenesis does not preserve lean mass during prolonged fasting. WT and Alb"m9os2K0 mice were fasted for 72 h, two weeks after tamoxifen administration. Fat

and lean mass were measured by nuclear magnetic resonance (NMR) at baseline and every 24 h n = 13—14/group (male) n = 15—16/group (female). (A—B) Lean mass by
percent body weight (BW) and absolute mass. (C) Total percent lean mass loss at 72 h of fasting compared to baseline. (D) Gastrocnemius skeletal muscle mRNA expression
shown relative to Rp/13a. (E—F) Fat mass by percent body weight and absolute mass. (G) Total percent fat mass loss at 72 h of fasting compared to baseline. (H) Epididymal white
adipose tissue (eWAT) mRNA expression shown relative to Rp/73a. Data expressed as mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ns (not significant); two-way ANOVA

with Sidak’s multiple comparisons test (A, B, D—F, H), two-sided, unpaired t test (C,

In response to fasting, Alb"™9%2K0 mice exhibited the expected rise in

plasma branched chain amino acids (BCAA) and depletion of alanine and
lactate (Figure 5A, D, Supplemental Fig. 2). The fasting-induced
decrease in plasma lactate was greater in mice when hepatic Hmgcs2

6

G).

deletion was induced 72 h prior to fasting (Figure 5D). Alb"™M9¢20 mice
also demonstrated a trend towards higher levels of plasma BCAA and
urea (Figure 5A, B, D, E). Gluconeogenic gene expression also generally
trended higher in AIb"™9%2K0 jivers at 24 h of fasting (Figure 5C, F).
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(K) Fat mass by percent body weight and absolute mass. (L) Total percent fat mass loss at 72 h of fasting compared to baseline. (M) Survival after WT and Al

pHmcs2K0 mice were

fasted for 96 h and then refed. n = 8—12/group. Data expressed as mean + SD, **P < 0.01, ****P < 0.0001, ns (not significant); two-way ANOVA with Sidak’s multiple
comparisons test (C, I, K) with mixed effects (E—H), two-sided, unpaired t test (D, J, L), Mantel—Cox test (M).

These observations suggest that proteolysis may increase to fuel
gluconeogenesis in fasting Alb"™9¢20 mice. However, since lean mass
loss during fasting was not altered by Hmgcs2 loss, it is unclear whether
proteolysis could be sufficient to supplement their systemic intermediary
metabolism. As prolonged Hmgcs2 knockdown leads to an increase in
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liver glycogen [22], we next considered whether pre-fasting liver
glycogen stores in the AIb"™9%2K0 mice could contribute to the main-
tenance of fasting glycemia in Alb"™M3%2X0 mice. However, unlike pro-
longed Hmgcs2 knockdown, short-term induced deletion of hepatic
Hmgcs2 did not result in higher liver glycogen stores (Figure 5G). In fact,
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Figure 5: Hepatic ketogenic deficit mice exhibit expected changes in plasma amino acids and organic acids during fasting. (A—C) WT and Alb"™9°20 male mice were ad libitum
fed or fasted for 24 h 2 weeks after tamoxifen administration. n = 5—6/group. (A) Plasma amino and organic acids. (B) Plasma urea. (C) Liver mRNA expression shown relative to
Rpl13a. (D—F) WT and Alb"™92K0 male mice were fasted for 24 h 72 h after tamoxifen administration. n = 5—6/group. (D) Plasma amino and organic acids. (E) Plasma urea. (F)
Liver mRNA expression shown relative to Ap/73a. (G) Glycogen content measured from livers harvested from ad libitum fed WT and Alb"™9%%(0 male mice 72 h after tamoxifen
administration. n = 6—9/group. Data expressed as mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns (not significant); two-way ANOVA with Sidak’s

multiple comparisons test (A—C), two-sided, unpaired t test (D—G).

the amount of baseline liver glycogen was interestingly lower in
AIbMMIESZKO ica in the fed state. Thus, AlbP™MI%2K0 mice do not start
with more hepatic glycogen stores prior to prolonged starvation. How-
ever, whether hepatic ketogenic deficiency alters the rate of hepatic
glycogen depletion during fasting remains to be determined.

3.4. Energy expenditure does not explain starvation adaptation in
hepatic ketogenic deficiency

As Alb"™MI¢2K0 mice preserved both their lean muscle and fat mass
while maintaining their blood glucose and body temperature, we next
assessed whether they decreased their energy expenditure and activity

8 MOLECULAR METABOLISM 86 (2024) 101967 © 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

to compensate for the lack of ketones. Male and female AlbHm9cs2K0

mice were placed in metabolic chambers to measure energy expen-
diture and activity before and during a prolonged fast. Compared to
wild-type littermates, male AIb"MI%2K0  mice exhibited a non-
significant trend toward increased activity during fasting, but there
were no obvious differences in energy expenditure, respiratory ex-
change ratio (RER), or O, and CO, balance (Figure 6A, B and
Supplemental Figures 3A—C, Fig. 4). Female Alb"™M3%%0 mice also
exhibited no significant differences in energy expenditure or activity
compared to WT mice (Figure 6C, D) across the entire fed and fasted
periods. When examined during the individual light and dark phases of
each 24-h period of fasting, female Alb"™9¢%*0 mice demonstrated a
decrease in energy expenditure as well as O consumption and CO,
production during the final 72 h fasting period compared to wild-type
controls (Supplemental Figure 4B, D, E). Female Alb"™M3%2K0 mice also
had a significantly, but modestly, higher RER during the entire fasting
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period, though when examined during each 24-h period, there was no
significant difference (Supplemental Figures 3D and 4A). The relatively
normal decline in fasting RER in fasting male and female Alpim9cs20
mice is notable since ketogenesis followed by ketone oxidation is
indistinguishable from fat oxidation based on 0o/CO, balance [23]. This
observation indicates that loss of hepatic ketogenesis does not result in
a greater reliance on carbohydrate oxidation, which would cause the
RER to remain high during fasting, or a more rapid switch to amino acid
oxidation, which would cause the RER to drift up more quickly during
fasting. Thus, loss of hepatic ketogenesis appears to result in
increased fat oxidation without its conversion to ketones by the liver.
While female Alb"™9%2K0 mice decreased their energy expenditure
during the latter periods of prolonged fasting, it remains unclear how
male Alb"™9%2K0 mice were able to sustain similar levels of activity
while losing less fat mass, maintaining muscle mass and blood
glucose, as well as surviving starvation better than control animals.
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Figure 6: Hepatic ketogenic deficiency does not affect activity or energy expenditure during prolonged fasting. WT and Alb™™9%2K0 mice were fasted 72 h after tamoxifen
administration. (A—B) male mice n = 7/group, (C—D) female mice n = 5/group. (A, C) Energy expenditure (EE) and area under the curve (AUC) calculated during the fed and fasted
periods. (B, D) Activity and area under the curve (AUC) calculated during the fed and fasted periods. Data expressed as mean + SD, ns (not significant); two-sided, unpaired t test

(A-D).
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3.5. Potential fasting metabolic compensation in hepatic ketogenic
deficiency

As fasting ketosis is considered essential for mammalian starvation
adaptation, the observation that mice lacking hepatic Hmgcs2 lose the
ability to generate fasting ketosis but successfully adapt to starvation is
unexpected. Loss of function HMGCS2 mutations in humans results in
hypoketotic hypoglycemia that rapidly leads to hypoglycemic coma
within 18—22 h of fasting [24,25]. Global Hmgcs2 knockout (KO) mice
have been described to demonstrate significant postnatal mortality
[17]. The ability of Alb"™M95%K0 mice to adapt to starvation without
significant hypoglycemia or loss of lean mass suggests an alternative
mechanism of metabolic compensation for the lack of hepatic

ketogenesis. In contrast to human patients with germline mutations in
HMGCS2 and mice with global Hmges2 deletion affecting all cell types,
extra-hepatic Hmgcs2 expression could compensate for the lack of
liver-derived circulating ketones in our hepatic-specific Hmgcs2
knockout mouse model.

As Alb"™M9¢s2K0 mice do not develop fasting ketosis, other organs that
express HMGCS2, including the brain, heart, intestine, and kidney
[5,26—28], do not contribute to the circulating ketone pool, neither in
normal conditions nor in the context of hepatic ketogenic deficiency
[5]. However, HMGCS2 expression is preserved in these extrahepatic
organs in the Alb"™I¢20 mice (Figure 1D), suggesting the possibility
that local ketones could be generated for local use. In the context of
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hepatic ketogenic deficiency, certain extrahepatic tissues that utilize
ketones for energy could compensate for the lack of liver-derived
ketones by expressing HMGCS2 in select cellular populations and
generating their own ketones for consumption in other cell types that
utilize ketones for energy. From a systemic view, this process would be
indistinguishable from fat oxidation, but it has mechanistic implications
for cellular compartments that may not be equipped for long chain fatty
acid metabolism. In the kidney, fasting-induced HMGCS2 expression in
the proximal tubule is spatially adjacent to distal convoluted tubular
cells that highly express Succinyl-CoA:3-oxoacid CoA transferase
(SCOT), the rate limiting enzyme for ketolysis (Figure 7A—F,
Supplemental Figure 5). This anatomic proximity of different cell types
with differential HMGCS2 and SCOT expression suggests the possibility
of proximal tubular ketone production for the utilization by the distal
convoluted tubule. In the brain, astrocytes highly express HMGCS2
[29]. Indeed, we also found HMGCS2 expressing astrocytes in the brain
while neighboring neurons express SCOT (Figure 7G). It has been
postulated that astrocytes produce ketones to fuel neurons based on
primary culture studies [26,27,30], non-specific pharmacologic inhi-
bition of both HMGCS2 and the cytosolic isoform HMGCS1 involved in
cholesterol synthesis [31], and genetic knockdown of Drosophila
Hmgs, the ortholog to mammalian HMGCS1 [32]. However, these
studies did not definitively show mitochondrial expression of the
HMGCS2 isoform, mitochondrial HMGCS activity, and in vivo de novo
ketogenesis in astrocytes.

Thus, a more likely explanation for normal starvation adaptation in
hepatic ketogenic deficiency is the activation of other fasting metabolic
adaptation pathways and use of alternative fuels. Data from mouse
models targeting Oxct7, the gene encoding the ketolytic enzyme SCOT,
suggest such a relationship. Germline deletion of Oxct7 with a sys-
temic inability to utilize ketones for energy is neonatal lethal while mice
with single tissue specific Oxct? deletion in the cardiomyocytes,
skeletal myocytes, or neurons are all viable as neonates and can
maintain their blood glucose during a 48-h fast as adults [33,34],
suggesting these organs could utilize a non-ketone fuel. Interestingly,
there are rare mammalian examples in which ketogenesis is not
required for starvation adaptation. Investigation of the evolution of the
HMGCS2 gene identified three mammalian lineages that have lost the
HMGCS2 gene, including cetaceans [35]. Bottlenose dolphins can
survive prolonged fasting and maintain high blood glucose levels
despite the inability to produce ketone bodies [36,37]. While it is un-
known how cetaceans adapt to starvation without ketogenesis, the use
of an alternate fuel is likely. As the liver will co-produce acetate with
ketone bodies, acetate could be a candidate alternate fuel [38—40]. In
fact, hepatic mRNA expression of Acyl-CoA Thioesterase 12 (Acot12),
which catalyzes the conversion of acetyl-CoA to acetate, and plasma
acetate levels were significantly higher in Alb"™9%2K0 mice in response
to fasting (Figure 7H, 1), suggesting that in the absence of hepatic
ketogenesis, acetate could serve as an alternate fuel for starvation
adaptation. The fasting-induced rise in blood acetate concentration
(0.2 mM) is small, compared to ketones (1 mM), but its concentration
may not reflect its total turnover.

Alternative use of fuels could also explain the observed developmental
dimorphism of fasting-induced ketogenesis in some mammals.
Northern elephant seals demonstrate developmental differences in
ketogenesis during fasting, in which ketogenesis is observed in fasting
neonatal pups, while adults fasted for up to 12 weeks exhibit minimal
circulating ketone levels [41,42]. Moreover, clinical case series report
that patients with HMGCS2 deficiency presented in the first or second
year of life with hypoglycemic hypoketotic coma but then after the age of
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5, had no further metabolic decompensation and were able to tolerate
normal lengths of fasting [43]. In the mouse model of global Hmgcs2 KO
[17] compared to induced hepatic Hmgcs2 deletion in adult mice in this
study, the differences in the effect of ketogenic deficiency on starvation
adaptation and survival could also reflect a component of develop-
mental dimorphism. Interestingly, the development of hepatic steatosis
with short-term knockdown also differs in neonates versus adult mice
[18]. While these phenotypic differences could reflect the difference in
dietary intake (high fat breast milk as neonates versus adult low fat
chow), one could speculate that ketogenesis is more essential in early
development rather than in adulthood when alternative metabolic
pathways can mediate starvation adaptation.

Ketones also exhibit signaling properties independent of their function
as an alternate fuel. BOHB can participate in post-translational modi-
fications both as an HDAC inhibitor, increasing histone acetylation [44],
and as a direct histone modifier, leading to lysine [B-hydroxybutyr-
ylation [45]. Ketones can also signal via G-protein coupled receptors
GPR41 [46] and GPR109A [47]. The observation that hepatic ketogenic
deficient mice can adapt and survive endotoxemia and prolonged
starvation suggests that both fuel and non-fuel signaling functions of
ketones are dispensable in these contexts. In male mice, hepatic
ketogenesis may be a liability in starvation adaptation, the mechanism
of which remains to be determined.

4. CONCLUSION

While anorexia-induced fasting metabolism appears to be protective in
bacterial inflammation, circulating hepatic-derived ketones do not
participate in mediating the survival benefit. Our findings suggest that
circulating ketones may act merely as biomarkers of the fasting-
induced metabolic programs that mediate the protective effects of
sickness-induced anorexia. As hepatic deficient mice also do not
exhibit a defect in starvation adaptation, the surprising capacity for
metabolic compensation raises additional possibilities of extrahepatic
ketogenesis and the use of alternative fuels (Figure 7J). Future work is
needed to establish the mechanisms of metabolic compensation
allowing for the maintenance of fasting glycemia and lean muscle
mass in hepatic ketogenesis deficiency and to determine how sex and
developmental stage modify physiologic plasticity and metabolic
flexibility in starvation adaptation.
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