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Abstract

Background: Neonatal hypoxic-ischemic encephalopathy remains a leading cause of
neonatal mortality and long-term neurodevelopmental disability worldwide. Despite
the widespread adoption of therapeutic hypothermia, a substantial proportion of affected
infants experience death or significant neurological impairment. Given their metabolic vul-
nerability, ketogenic diet strategies and ketone bodies have emerged as potential adjunctive
neuroprotective interventions. This scoping review aims to critically evaluate the mechanis-
tic rationale, preclinical evidence, and clinical feasibility of ketogenic approaches. Methods:
A scoping review of the literature was conducted, including experimental and clinical
studies investigating ketogenic diets, endogenous ketosis, and exogenous ketone supple-
mentation in neonatal hypoxia—ischemia. Evidence was synthesized across mechanistic,
preclinical, nutritional, and clinical domains, with particular attention to developmental
context, timing of intervention, safety considerations, and translational relevance in the
contest of therapeutic hypothermia. Results: Preclinical studies consistently demonstrate
that ketone bodies enhance cerebral energy metabolism, support mitochondrial function,
reduce excitotoxic signaling, and attenuate oxidative stress and neuroinflammation in
the immature brain. Neonatal models show preferential utilization of 3-hydroxybutyrate
over glucose during hypoxic-ischemic stress, suggesting intrinsic metabolic advantages.
Emerging evidence also supports potential long-term effects on epigenetic regulation and
white matter development, although direct causal validation in neonatal HIE remains lim-
ited. Nutritional studies indicate that carefully monitored enteral and parenteral feeding is
feasible in critically ill neonates, identifying a potential window for metabolic interventions.
Conclusions: Ketogenic strategies represent a plausible, multimodal approach to target-
ing the metabolic and inflammatory sequelae of neonatal HIE. While current evidence is
insufficient to support clinical implementation, this scoping review provides a hypothesis-
generating framework to guide future translational research and the design of carefully
controlled clinical trials in neonatal neurocritical care.
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1. Introduction

Hypoxic-ischemic encephalopathy (HIE) remains a leading cause of neonatal mor-
tality and long-term neuro-disability worldwide, affecting about 1.2 million newborns
globally. Survivors frequently develop cerebral palsy, epilepsy, cognitive impairment, and
behavioral disorders despite advances in perinatal and neonatal care [1]. Therapeutic
hypothermia (TH), when initiated within 6 h of birth, represents the current standard of
care for moderate-to-severe HIE. However, even in settings with optimal implementation
of TH, pooled data indicate that approximately 40-50% of treated infants either die or
survive with significant neurodevelopmental impairment at follow-up [2]. This persis-
tent “residual” burden of disease has driven the search for adjunctive and combinatorial
neuroprotective strategies capable of extending the benefits of hypothermia. The existing
literature highlights novel adjunctive therapies as potential add-ons to hypothermia to
target secondary and tertiary phases of injury beyond the initial insult [3]. From a bio-
logical standpoint, HIE is fundamentally a “metabolic catastrophe” rather than a single
injurious event. The injured neonatal brain undergoes an abrupt failure of oxidative phos-
phorylation, followed by a prolonged secondary phase characterized by bioenergetic crisis,
mitochondrial dysfunction, oxidative stress, neuroinflammation, and network instability [4].
Traditional neuroprotective approaches have largely focused on blocking the downstream
pathways—such as excitotoxicity or free radical production—with limited translational
success. One major reason for these failures is that HIE pathophysiology unfolds across
multiple, tightly interconnected levels, including mitochondria, synapses, glial cells, the
neurovascular unit, and epigenetic regulatory programs [5]. In parallel, a seemingly dis-
tinct body of evidence has developed around the ketogenic diet (KD) and ketone bodies
as neuroprotective agents. The KD has a long history of clinical use in refractory epilepsy
and is now increasingly studied in acute and chronic neurologic diseases [6,7]. The KD is
characterized by a marked restriction of carbohydrate intake (<10%) and a high proportion
of fat with adequate protein content (approximately 80-90% of total caloric intake), leading
to hepatic production of ketone bodies—acetoacetate (AcAc), 3-hydroxybutyrate (3-OHB),
and acetone—typically within weeks of dietary initiation [8]. Both animal studies and pre-
clinical models of ischemia suggest that KD and ketone bodies may exert beneficial effects
through metabolic and signaling pathways, including energy metabolism, mitochondrial
function, oxidative stress mitigation, and modulation of inflammation and apoptosis [9].
In fact, recent evidences emphasize that ketone bodies are not merely alternative energy
substrates but also potent signaling molecules capable of modulating oxidative stress,
neuroinflammation, synaptic transmission, and gene expression related to neuronal re-
silience and plasticity [10,11]. Importantly, the fetus and the newborn are physiologically
“primed” for ketone utilization. In fact, during late gestation and the early postnatal period,
ketone transporters and metabolic enzymes are upregulated, and ketone bodies contribute
significantly to cerebral energy requirements while serving as preferred precursors for lipid
synthesis, including fatty acids and cholesterol essential for brain development [12,13].
Against this background, increasing attention has been directed toward the potential use of
ketogenic dietary strategies and exogenous ketone supplementation to stabilize the injured
neonatal brain during and after hypoxic-ischemic insult. This comprehensive review aims
to re-examine HIE from a metabolic standpoint, focusing on the mechanisms of action
of the KD and ketone bodies, their neuroprotective efficacy, and issues related to safety,
tolerability, and clinical feasibility in neonates, while critically appraising the available
experimental and clinical evidence.
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2. Materials and Methods

This work was designed as a scoping review and the objective was to map and
synthesize the existing evidence on ketogenic strategies and ketone bodies as potential
neuroprotective interventions in neonatal hypoxic-ischemic encephalopathy, to identify
key concepts, knowledge gaps, and directions for future research. A literature search
was performed in PubMed and Scopus using combinations of the following keywords:

V77i V77

“hypoxic-ischemic encephalopathy”, “hypoxic ischemic brain injury”, “ketogenic diet”,
“ketone bodies”, “-hydroxybutyrate”, “nutrition” and “alimentation”. Both preclinical
and clinical studies, narrative and systematic reviews, and relevant translational studies
were considered. Given the exploratory nature of the topic and the limited availability of
clinical trials in neonates, no restrictions were applied regarding study design. Studies
were selected based on relevance to neonatal brain injury, metabolic mechanisms, and
developmental neurobiology. Data were synthesized with a particular focus on mechanistic
pathways, developmental considerations, and translational implications rather than quanti-
tative effect estimates. To focus our investigation, we limited our search to the pediatric
group, employing the age filter “child: birth-18 years,” and considered only English lan-
guage articles published at any time. The literature search was carried out on 5 December
2025. The screening process included original research articles, case reports, and case
series. Each selected article’s full text was meticulously evaluated for eligibility, quality
indicators, and reliability by two independent reviewers. Discrepancies were resolved
through consensus.
Studies were eligible for inclusion if they met all of the following criteria:

1.  Population and developmental relevance: studies involving neonates, neonatal ani-
mal models, or developmental experimental systems relevant to the immature brain
were included. Given the exploratory and translational nature of this scoping re-
view, studies conducted in other age of life were also considered if their findings
were directly applicable to neonatal brain metabolism, mitochondrial function, or
neurodevelopmental trajectories.

2. Condition and pathophysiological relevance: studies addressing hypoxic—ischemic
encephalopathy, perinatal hypoxia—ischemia, or closely related forms of acute neonatal
brain injury were included.

3. Intervention or exposure: Eligible studies examined ketogenic strategies or ketone-
related interventions, including classic or modified KDs, medium-chain triglyceride-
based diets, exogenous ketone bodies (e.g., 3-OHB), or specific fatty acids with
documented ketone-related metabolic or signaling effects.

4. Outcomes of interest: Studies were included if they reported mechanistic, metabolic,
cellular, or neurodevelopmental outcomes relevant to neuroprotection, energy
metabolism, inflammation, synaptic function, or structural brain development. Both
short-term and long-term outcomes were considered.

5. Study design and publication type: Experimental studies (in vivo and in vitro), obser-
vational clinical studies, and relevant narrative or systematic reviews were included to
comprehensively map existing evidence. Given the absence of randomized controlled
trials in neonatal HIE, no restrictions were applied based on study design.

6. Language and accessibility: Only articles published in English and available as full-
text publications were included.

Studies were excluded if they met any of the following criteria:

1.  Developmental irrelevance: studies conducted exclusively in adult populations or
mature animal models were excluded unless the findings were explicitly discussed in
relation to developmental neurobiology or neonatal brain metabolism.
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Lack of mechanistic or translational relevance: studies focusing on ketogenic in-
terventions without addressing mechanisms or outcomes relevant to brain injury,
neurodevelopment, or cerebral metabolism were excluded.

Non-neurological focus: studies investigating ketogenic diets or ketone bodies solely for
systemic metabolic effects without relevance to the central nervous system were excluded.
Irrelevant clinical conditions: studies addressing neurological conditions unrelated to
neonatal brain injury or developmental vulnerability (e.g., adult neurodegenerative
diseases) were excluded unless they provided fundamental mechanistic insights
directly applicable to the immature brain.

Publication type: abstracts, conference proceedings without full-text availability,
editorials, commentaries, and opinion pieces lacking original data or structured
synthesis were excluded.

Redundant or low-informative sources: studies with insufficient methodological detail
or those providing redundant information without additional mechanistic insight
were excluded after full-text evaluation.

Figure 1 provides a schematic overview of the research strategy.

Studies identified on PubMed and

Scopus
(N =6670)

Excluded articles:

(N =5981)
> - N = 120= duplicated articles
- N =5861 = Irrelevant to the

study topic
v
Relevant articles after reading titles
and abstracts
(N =689)
Excluded articles:
(N = 594)
—_—

Excluded (not meeting
inclusion/exclusion criteria)

Eligible studies
(N=095)

Figure 1. Scoping review workflow: database search, screening, and study selection.

3. Nutrition During the Acute Phase of Hypoxic-Ischemic Encephalopathy

There are currently no guidelines and/or best practices regarding feeding procedures

during TH, generating a wide variability without unique clinical approach. In fact, nutri-
tional management during the acute phase of HIE, particularly in neonates undergoing TH),
has long been approached with caution due to concerns regarding gastrointestinal hypop-
erfusion, feeding intolerance, and necrotizing enterocolitis. However, a growing body of
recent evidence suggests that early and carefully monitored nutritional support—especially
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enteral feeding—is both feasible and safe in this vulnerable population, challenging the
traditional paradigm of prolonged nutritional restriction.

Large observational and population-based studies have provided important reassur-
ance regarding the safety of enteral feeding during TH. Using data from the UK National
Neonatal Research Database, Gale et al. demonstrated that enteral feeding during hy-
pothermia was not associated with increased mortality or major gastrointestinal morbidity,
supporting the safety of feeding practices in real-world neonatal intensive care settings [14].
Similarly, de Havilland and Hariharan, in a focused clinical analysis, concluded that enteral
feeding during TH does not confer excess risk when applied prudently, reinforcing the
notion that hypothermia itself should not be viewed as an absolute contraindication to
enteral nutrition [15].

More recent single-center and multicenter cohort studies further refine this perspective.
Molina Stornelli et al. described nutritional practices in infants with HIE undergoing TH,
highlighting significant heterogeneity in the timing and modality of feeding but demon-
strating that cautious advancement of enteral nutrition was not associated with increased
feeding intolerance or gastrointestinal complications compared with parenteral nutrition
alone [16]. Similar results were observed in a South African cohort studied by Samaai et al.,
in which the implementation of a standardized feeding protocol was associated with low
rates of feeding intolerance during TH, supporting the broader applicability of these find-
ings [17]. Complementing these data, Martinovski et al. similarly reported that enteral
feeding during TH was well tolerated and rarely required interruption, supporting its
feasibility across diverse clinical environments [18].

Importantly, emerging prospective data address not only the safety of the intervention
but also the appropriate timing for its initiation. In a randomized controlled trial, Hu et al.
compared early versus delayed enteral nutrition in neonates with HIE undergoing TH
and demonstrated that early enteral feeding was safe and did not increase adverse events,
while offering potential benefits in feeding tolerance and clinical recovery [19]. In parallel,
predictive modeling studies have sought to identify infants at higher risk of feeding
intolerance during TH, enabling more individualized nutritional strategies rather than
blanket feeding restrictions [20].

Beyond feasibility, emerging evidence suggests that nutrition during the acute phase
of HIE may actively influence brain injury evolution. Preclinical studies demonstrate that
targeted nutritional supplementation can modulate neuroinflammation and lesion severity
after hypoxic—ischemic injury. Brandt et al. showed that nutritional supplementation
reduced lesion size and neuroinflammatory responses in a sex-dependent manner in a
mouse model of perinatal HIE, highlighting nutrition as a biologically active modulator
of injury rather than a purely supportive measure [21]. Similarly, Sanches et al. demon-
strated dose-dependent neuroprotective effects of bovine lactoferrin following neonatal
HIE, further supporting the concept that specific nutritional components can influence
inflammatory and cell survival pathways in the injured immature brain [22].

Cumulatively, these data support a paradigm shift in the nutritional management of
neonatal HIE. Rather than viewing nutrition as a secondary concern to be minimized during
TH, contemporary evidence supports early, individualized, and metabolically informed
nutritional strategies that maintain systemic homeostasis without compromising safety.
This evolving framework is particularly relevant in the context of emerging metabolic
interventions, as it establishes the acute phase of HIE as a window during which nutritional
composition and timing may meaningfully interact with cerebral metabolism, inflammation,
and recovery trajectories.

https:/ /doi.org/10.3390/neurolint18020024


https://doi.org/10.3390/neurolint18020024

Neurol. Int. 2026, 18, 24

6 of 31

4. Pathophysiology of Neonatal HIE: Where Metabolic Interventions
Can Act

4.1. Triphasic Model and Mitochondrial Vulnerability

The canonical description of neonatal HIE involves three partially overlapping phases
that reflect the temporal evolution of brain injury: primary energy failure, a transient latent
phase, and secondary energy failure.

Understanding this triphasic pattern is critical for identifying therapeutic windows
and optimizing neuroprotective interventions:

e  Primary energy failure begins during the hypoxic-ischemic insult itself, when reduced
oxygen and substrate delivery force neurons away from oxidative phosphorylation.
This acute phase is characterized by rapid ATP depletion, which leads to failure of
ATP-dependent ion pumps, particularly the Na*/K*-ATPase. The resulting loss of
ionic homeostasis causes cell depolarization, extracellular glutamate accumulation,
and NMDA / AMPA receptor overactivation. The massive influx of Ca®* triggers both
necrotic and apoptotic cell death pathways, with early mitochondrial dysfunction and
activation of calpains and other calcium-dependent proteases [23,24].

e Latent phase (approximately 6 h) is characterized by partial, deceptive metabolic
recovery. During this window, mitochondrial membrane potential is restored, cerebral
blood flow may normalize, and energy metabolism appears to improve. However, this
apparent recovery is misleading: complex I of the electron transport chain remains vul-
nerable, redox balance is precarious, and multiple cell-death pathways are primed but
not yet fully executed. Importantly, this is the window where TH shows the greatest
benefit, as it can interrupt the progression to secondary energy failure [25]. The latent
phase represents a critical therapeutic opportunity, as interventions initiated during
this period may prevent or attenuate the subsequent cascade of secondary injury.

e  Secondary energy failure, typically between 6 and 48 h after the insult, is associated
with delayed mitochondrial collapse, persistent generation of reactive oxygen species
(ROS) and reactive nitrogen species, cytochrome c release, caspase activation, ferrop-
tosis, progressive microglial activation, and seizures. This phase is characterized by
a second wave of ATP depletion, which is often more profound and sustained than
the primary failure. MRI and spectroscopy studies demonstrate that the severity of
secondary energy failure, as measured by lactate/N-acetyl-aspartate ratios and re-
duced N-acetyl-aspartate peaks, correlates strongly with adverse neurodevelopmental
outcome at 18-24 months [25,26]. The mechanisms underlying secondary energy fail-
ure include ongoing mitochondrial dysfunction, accumulation of oxidative damage,
inflammatory activation, and disruption of cellular calcium homeostasis.

In this context, any therapy that (a) increases the efficiency of ATP production under
limited oxygen availability, (b) bypasses complex I dysfunction, (c) reduces ROS generation
and oxidative damage, and (d) modulates neuroinflammation and neuronal excitability is
mechanistically attractive. This profile maps closely onto ketone-based metabolism, which
offers multiple points of intervention across these pathophysiological mechanisms.

The mitochondrion stands at the center of HIE pathophysiology, serving simultane-
ously as “victim” and “perpetrator” of injury. Mitochondrial complex I is particularly
vulnerable to hypoxic-ischemic damage, and its dysfunction contributes to both inad-
equate ATP generation and excessive ROS production. The ability of ketone bodies to
bypass complex I and enter the electron transport chain at complex II represents a fun-
damental metabolic advantage that may be exploited therapeutically. Additionally, ke-
tone metabolism produces less ROS per molecule of ATP generated compared to glucose
metabolism, potentially reducing oxidative stress during the recovery phase [27].

https:/ /doi.org/10.3390/neurolint18020024
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4.2. Developmental Peculiarities of Neonatal Brain Metabolism

The neonatal brain is not a “miniature” adult brain. From late gestation through the
early postnatal period, human infants exist in a state of ‘physiological ketosis’: breast milk
is high in fat (approximately 50% of calories), feeding intervals generate recurrent periods
of mild fasting, and hepatic ketogenesis is robust. This metabolic state is evolutionarily
conserved across mammalian species and appears to be optimized for the unique demands
of brain development [28].

Monocarboxylate transporters (MCT1 and MCT2) at the blood-brain barrier and on
astrocytes are highly expressed during the neonatal period, facilitating efficient ketone
uptake from the circulation into the brain parenchyma. MCT1 is predominantly expressed
on brain endothelial cells and astrocytic end feet, while MCT?2 is more abundant on neurons.
This complementary expression pattern ensures that ketones can be rapidly delivered to
the sites of energy demand. The expression of these transporters” peaks during the first
postnatal weeks in rodents and remains elevated throughout human infancy, declining
only as the brain matures and shifts toward greater reliance on glucose [29].

Experimental data in rodents confirm that the immature brain preferentially uses
-OHB and AcAc not only for energy production but also as carbon donors for lipid
synthesis and myelin formation [30]. Studies using *C-labeled tracers have demonstrated
that ketone-derived carbon is incorporated into newly synthesized fatty acids, cholesterol,
and structural lipids of the developing brain [31]. This dual role—as both fuel and building
blocks—distinguishes ketones from glucose and highlights their unique importance during
periods of rapid brain growth and myelination.

Odorcyk and colleagues provided compelling evidence for this metabolic flexibility
in a rat model of neonatal hypoxia-ischemia: compared to older animals, immature rats
showed higher utilization of 3-OHB and better preservation of high-energy phosphates
under ketotic conditions, suggesting an intrinsic ketone-based resilience of the neonatal
brain. Importantly, this metabolic preference was most pronounced during the first two
postnatal weeks, corresponding to the peak period of vulnerability to HIE in humans (term
and near-term gestation) [32].

This developmental context is critical: it means that therapeutic enhancement of
ketone availability in HIE is not an artificial imposition but an amplification of a pre-
existing, physiologically relevant pathway. The neonatal brain is ‘programmed’ to use
ketones, possessing the necessary enzymatic machinery, transport systems, and metabolic
flexibility to shift between fuel sources. This inherent capacity may explain why neonatal
brains respond more favorably to ketone-based interventions than adult brains, which have
largely lost this metabolic plasticity [33].

Furthermore, the enzymes required for ketone metabolism—including succinyl-CoA:3-
oxoacid CoA transferase (SCOT) and 3-hydroxybutyrate dehydrogenase—are expressed at
high levels in the neonatal brain. SCOT, which catalyzes the rate-limiting step in ketone
body utilization, shows developmental upregulation during the early postnatal period,
ensuring that ketones can be efficiently converted to acetyl-CoA for entry into the TCA
cycle. This enzymatic profile contrasts with the adult brain, where SCOT expression is
lower and glucose metabolism predominates. The developmental trajectory of ketone
metabolism thus creates a unique window of opportunity for ketone-based neuroprotection
in the newborn period [12].

4.3. Ketone Bodies as Neurometabolic Modulators: Mechanistic Depth

Recent integrative reviews by Jang et al. and Makievskaya et al. have delineated a
broad and interconnected spectrum of mechanisms through which ketone bodies exert
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neuroprotective effects in ischemic and neurodegenerative conditions. In the specific
context of neonatal HIE, at least five mechanistic axes appear particularly relevant.

First, ketone bodies provide an efficient alternative energy substrate that can partially
bypass impaired glycolysis and support mitochondrial ATP production during periods of
glucose hypometabolism and mitochondrial dysfunction, a hallmark of the secondary en-
ergy failure following hypoxia-ischemia. By enhancing oxidative efficiency and stabilizing
mitochondrial respiration, ketones may attenuate the bioenergetic collapse characteristic of
the injured neonatal brain [6,10].

Second, ketone bodies—particularly 3-OHB—exert direct mitochondrial effects that
extend beyond energy provision. These include stabilization of the mitochondrial mem-
brane potential, reduction in ROS production, and inhibition of mitochondrial permeability
transition pore opening, thereby limiting apoptosis and necrotic cell death [34,35].

Third, ketone bodies function as signaling metabolites with potent anti-inflammatory
properties. In this contest, neuroinflammation represents a central and sustained com-
ponent of secondary and tertiary brain injury following neonatal HIE, characterized by
prolonged activation of innate immune pathways, microglial priming, and dysregulated cy-
tokine signaling. Within this framework, 3-OHB has emerged as a potent immunometabolic
modulator. Experimental studies have demonstrated that 3-OHB directly inhibits acti-
vation of the NLRP3 inflammasome, a multiprotein complex critically involved in the
maturation and release of interleukin-13 (IL-13) and interleukin-18 (IL-18), key drivers of
neuroinflammatory cascades after hypoxic-ischemic injury. This inhibitory effect appears
to be mediated by suppression of potassium efflux and attenuation of mitochondrial ROS
signaling, both of which are required for NLRP3 activation [12,36,37].

Beyond inflammasome inhibition, 3-OHB modulates microglial activation states,
shifting microglia away from a pro-inflammatory, cytotoxic phenotype toward a more
homeostatic or reparative profile. In the neonatal brain, where microglia play dual roles
in injury propagation and circuit refinement, such modulation is particularly relevant.
Persistent microglial activation after HIE has been implicated not only in acute neuronal
loss but also in impaired synaptic maturation, white matter injury, and long-term neurode-
velopmental deficits. By dampening microglial reactivity and reducing the production
of pro-inflammatory mediators such as tumor necrosis factor-« (TNF-«), interleukin-6
(IL-6), and nitric oxide, ketone bodies may mitigate both early and delayed inflammatory
damage [38,39].

Importantly, these anti-inflammatory effects extend beyond classical cytokine sup-
pression. In fact, 3-OHB has been shown to influence transcriptional programs through
epigenetic mechanisms, including inhibition of class I histone deacetylases, thereby down-
regulating genes involved in inflammatory signaling and oxidative stress while promoting
expression of neuroprotective and antioxidant pathways [40]. This epigenetic impact may
be especially significant in neonatal HIE, where inflammation evolves over days to weeks
and contributes to tertiary injury processes such as impaired myelination, altered synaptic
connectivity, and aberrant neurodevelopment.

Fourth, ketone bodies influence synaptic transmission and network excitability by
modulating glutamatergic and GABAergic signaling, reducing excitotoxicity, and stabi-
lizing neuronal networks. These effects are of particular importance in neonatal HIE,
where seizures are frequent, often refractory, and independently associated with worse
neurodevelopmental outcomes [41,42].

Finally, ketone bodies —particularly 3-OHB—have emerged as endogenous epigenetic
regulators capable of reshaping gene expression programs in the injured brain. One of
the most extensively characterized mechanisms is the inhibition of class I histone deacety-
lases (HDACS), leading to increased histone acetylation and transcriptional activation of
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genes involved in cellular stress resistance and survival. In experimental models, 3-OHB
-mediated HDAC inhibition has been shown to upregulate antioxidant pathways, including
genes regulated by the FOXO3A and Nrf2 transcription factors, thereby enhancing cellu-
lar defenses against oxidative stress—a key driver of delayed neuronal injury following
HIE [43,44].

In the context of neonatal HIE, where epigenetic plasticity is particularly pronounced,
such modulation of chromatin structure may have far-reaching consequences. The neonatal
brain undergoes rapid developmental transitions involving synaptogenesis, axonal growth,
and myelination, processes that are highly sensitive to epigenetic regulation. By influenc-
ing transcriptional programs related to neuronal survival, mitochondrial biogenesis, and
synaptic remodeling, ketone bodies may promote not only acute neuroprotection but also
more adaptive long-term network reorganization after injury [45,46].

Emerging evidence further suggests that 3-OHB can regulate gene expression through
additional epigenetic mechanisms beyond HDAC inhibition. These include direct histone
modifications such as lysine 3-hydroxybutyrylation, a post-translational mark associ-
ated with active transcription and metabolic state sensing. This modification has been
implicated in the regulation of genes involved in energy metabolism, synaptic function,
and cellular differentiation, linking metabolic availability to transcriptional control in
a developmentally sensitive manner [47]. This mechanism may provide a compelling
framework for understanding how ketone availability could influence long-term neurode-
velopmental trajectories.

Importantly, the epigenetic actions of ketone bodies unfold over prolonged timescales,
extending well beyond the acute injury window typically targeted by conventional neuro-
protective strategies [48]. In neonatal HIE, where tertiary injury processes such as persistent
inflammation, impaired synaptic maturation, and altered connectivity contribute to long-
term neurodisability, the ability of ketone bodies to modulate gene expression programs
may represent a unique therapeutic advantage. This epigenetic dimension supports the
hypothesis that ketone-mediated interventions could influence not only survival but also
functional recovery and neurodevelopmental outcomes, aligning acute metabolic support
with longer-term plasticity and repair mechanisms [3].

From clinical and translational perspective, this multimodal mechanism of action is
highly attractive for neonatal HIE, a condition characterized by temporally evolving and
biologically heterogeneous injury processes that are unlikely to be mitigated by single-
target interventions. Unlike traditional neuroprotective agents, ketone-based strategies
have the potential to simultaneously address energy failure, inflammation, excitotoxicity,
and maladaptive gene expression.

4.4. Mitochondrial Rescue and Oxidative Stress

Mitochondrial dysfunction represents a central and early event in the pathophysiology
of HIE, driving secondary energy failure, oxidative injury, and cell death across neurons
and glial populations. In this context, ketone bodies—primarily 3-OHB and AcAc—offer a
unique metabolic advantage by entering the TCA as acetyl-CoA via the enzyme SCOT [49].
This metabolic entry point effectively bypasses complex I of the mitochondrial respiratory
chain, a major site of injury following hypoxia—ischemia and a critical source of ROS gen-
eration under pathological conditions. By delivering reducing equivalents downstream,
predominantly at the level of complex II, ketone metabolism reduces electron leak, lim-
its ROS production, and improves the ATP-to-oxygen (ATP/O,) efficiency of oxidative
phosphorylation [50].

Beyond energetic efficiency, ketone bodies exert direct stabilizing effects on mitochon-
drial integrity. Experimental models of cerebral ischemia have consistently shown that KD
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or exogenous ketone administration preserve mitochondrial membrane potential, reduce
opening of the mitochondrial permeability transition pore, and attenuate cytochrome c
release, thereby limiting activation of intrinsic apoptotic pathways. These mitochondrial
effects are accompanied by preservation of high-energy phosphate stores, including ATP
and phosphocreatine, suggesting a sustained capacity for cellular energy homeostasis
during the vulnerable reperfusion and secondary injury phases [51,52].

Evidence supporting the relevance of these mechanisms in the developing brain comes
from seminal neonatal studies. In a neonatal rat model of hypoxia—ischemia, Dardzinski
and colleagues demonstrated that dexamethasone pretreatment—associated with a marked
elevation in circulating 3-OHB levels prior to the hypoxic-ischemic insult—conferred
striking neuroprotection. Treated pups exhibited minimal cortical injury and preservation
of high-energy phosphate metabolites on phosphorus-31 magnetic resonance spectroscopy
(®'P-MRS), whereas untreated controls developed extensive infarction and profound energy
failure. Importantly, the degree of neuroprotection closely paralleled elevations in ketone
body availability, implicating ketone-mediated metabolic support as a central mechanism
underlying this effect [53].

In addition to acute mitochondrial rescue, oxidative stress and ferroptosis have
emerged as key contributors to delayed and tertiary brain injury in neonatal HIE, par-
ticularly affecting pre-myelinating oligodendrocytes and white matter integrity. Ketone-
based interventions appear to modulate these pathways at multiple levels. As reviewed
by Makievskaya and colleagues, KD and ketone supplementation reduce lipid peroxida-
tion, enhance glutathione redox capacity, and downregulate ferroptosis-related signaling
cascades in models of ischemic brain injury [6]. These effects are mechanistically linked
to improved mitochondrial redox balance, decreased iron-dependent oxidative damage,
and preservation of membrane lipid integrity. Given the vulnerability of oligodendrocyte
progenitor cells to oxidative and ferroptotic injury in neonatal HIE, such mechanisms
provide a plausible link between ketone metabolism and protection of developing white
matter, with potential implications for long-term motor and cognitive outcomes [54].

Collectively, these data position ketone bodies as potent modulators of mitochondrial
resilience and oxidative homeostasis in the injured neonatal brain.

4.5. Excitotoxicity and AMPA Receptor Modulation

Glutamate-driven excitotoxicity represents a core mechanism of neuronal injury and
seizure generation in HIE, contributing both to acute neuronal death and to the propaga-
tion of pathological network activity [55]. Excessive extracellular glutamate accumulation
following hypoxia-ischemia leads to sustained activation of ionotropic glutamate receptors,
particularly NMDA and AMPA receptors, resulting in calcium overload, mitochondrial
dysfunction, and activation of downstream cell death pathways [56]. While NMDA recep-
tors have long been considered central mediators of excitotoxic injury, growing evidence
highlights a critical role for AMPA receptor-mediated fast excitatory transmission in the
amplification and synchronization of epileptiform discharges, especially in the immature
brain [57].

This mechanism is particularly relevant in the neonatal period, where the balance
between excitation and inhibition is developmentally skewed toward excitation. High ex-
pression of the chloride importer NKCC1 and low expression of the chloride exporter KCC2
render GABAergic transmission partially depolarizing in early life, limiting the efficacy of
conventional GABAergic antiseizure medications. As a result, neonatal seizures—especially
those associated with HIE—are frequently refractory to first-line therapies and may them-
selves exacerbate excitotoxic injury [58,59]. These developmental features underscore the
need for non-GABAergic strategies that directly target excitatory transmission [60,61].
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In this context, the work by Chang and colleagues represents a pivotal advance. They
demonstrated that decanoic acid, the principal fatty acid component of the medium-chain
triglyceride (MCT) KD, acts as a direct, non-competitive antagonist of AMPA receptors
at therapeutically relevant concentrations. In hippocampal slice models, decanoic acid—
but not 3-OHB or AcAc—significantly reduced epileptiform discharges and inhibited
AMPA receptor-mediated currents in a subunit- and voltage-dependent manner. Structural
and electrophysiological analyses suggest that decanoic acid binds to the M3 transmem-
brane helix of the GluA2 subunit at a site distinct from that of perampanel, a clinically
approved non-competitive AMPA antagonist, indicating a novel mechanism of receptor
modulation [62,63].

These findings position decanoic acid as a metabolically embedded, non-GABAergic
antiseizure agent within the KD, with particular relevance for neonatal seizures associated
with HIE. Importantly, this mechanism bypasses the developmental limitations of GABAer-
gic pharmacology and directly targets a key driver of pathological excitation. Rogawski
et al. proposed that AMPA receptor antagonism by decanoic acid may account for a sub-
stantial component of the antiseizure efficacy of the MCT KD, independent of ketosis per
se [64].

Beyond direct AMPA receptor blockade, ketogenic interventions may further rebalance
excitatory-inhibitory tone through complementary metabolic mechanisms. Reduction in
glycolytic flux associated with KD has been shown to decrease presynaptic glutamate
release, while enhanced astrocytic metabolism may promote glutamate uptake and its
conversion to glutamine and GABA, thereby reducing extracellular excitatory drive [65].
These combined effects—direct AMPA antagonism, reduced glutamate availability, and
enhanced inhibitory neurotransmitter synthesis—are particularly appealing in neonatal
HIE, where excitotoxicity and seizures are tightly intertwined with ongoing metabolic and
inflammatory injury.

From a translational standpoint, the AMPA-modulating properties of decanoic acid
suggest that specific ketogenic formulations, such as the MCT-KD or targeted fatty acid
supplementation, may offer mechanistically rational adjunctive strategies for seizure con-
trol and neuroprotection in neonatal HIE. These insights further reinforce the concept
that ketogenic therapies exert pleiotropic effects extending beyond ketone bodies alone,
integrating lipid signaling with synaptic and network-level modulation.

4.6. Neuroinflammation and NLRP3 Inflammasome

Neuroinflammation is a central driver of secondary and tertiary brain injury following
hypoxic damage, contributing to ongoing neuronal loss, impaired oligodendrocyte matu-
ration, and long-term neurodevelopmental deficits [66]. Activation of resident microglia
occurs rapidly after hypoxia—ischemia and persists for days to weeks, with sustained release
of pro-inflammatory cytokines such as IL-1f3, TNF-«, and IL-6 [67]. These mediators am-
plify excitotoxicity, disrupt blood-brain barrier integrity, interfere with synaptic maturation,
and impair endogenous repair processes, particularly in the developing brain [68].

A growing body of evidence identifies the NLRP3 inflammasome as a key molecular
hub linking metabolic stress to neuroinflammatory signaling in HIE. NLRP3 activation
leads to caspase-1-dependent maturation and release of IL-13 and IL-18, cytokines strongly
implicated in neonatal brain injury and seizure susceptibility [69]. In experimental models
of HIE, genetic or pharmacologic inhibition of IL-1 signaling reduces infarct volume,
attenuates microglial activation, and improves functional outcomes, underscoring the
pathogenic relevance of this pathway [70,71].

3-OHB, the predominant circulating ketone body during ketosis, has emerged as a
potent endogenous inhibitor of the NLRP3 inflammasome. In a seminal study, Youm et al.
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demonstrated that BHB suppresses NLRP3 activation in macrophages by preventing potas-
sium efflux, a critical upstream trigger for inflammasome assembly. Importantly, this effect
was shown to be independent of classical G-protein-coupled receptors, mitochondrial ROS,
or changes in cellular energy charge, positioning 3-OHB as a direct immunometabolic
regulator rather than a nonspecific antioxidant [36].

These data support the concept that ketone bodies actively modulate innate immune
responses within the brain, rather than merely reflecting an alternative energy substrate.

New evidences demonstrated that fasting, caloric restriction, and ketogenic inter-
ventions suppress NLRP3 inflammasome activity, reinforcing the idea that ketosis rep-
resents a distinct immunometabolic state characterized by restrained innate immune
activation [72]. In the context of neonatal HIE—where inflammation is prolonged, devel-
opmentally maladaptive, and tightly coupled to ongoing tissue injury—such modulation
is particularly attractive.

Although direct experimental data on NLRP3 inhibition by ketogenic strategies in
neonatal hypoxia—ischemia models remain limited, the mechanistic plausibility is strong.
Wood et al. explicitly highlight NLRP3 suppression and microglial polarization toward a
reparative phenotype as major candidate mechanisms underlying ketone-mediated neuro-
protection in the injured newborn [12]. Importantly, modulation of neuroinflammation by
ketone bodies may complement therapeutic hypothermia, which only partially attenuates
inflammatory cascades and has limited impact on delayed microglial activation.

Taken together, these findings suggest that ketone bodies—and 3-OHB in particular—
may mitigate one of the most persistent and therapeutically challenging components of
HIE pathology. By dampening NLRP3-driven cytokine release and reshaping microglial
responses, ketogenic strategies could potentially reduce secondary injury, limit seizure—
inflammation feedback loops, and improve long-term neurodevelopmental trajectories
beyond the acute phase of hypoxia—ischemia.

4.7. Epigenetic Regulation and Long-Term Programming

Beyond their acute metabolic and anti-inflammatory actions, ketone bodies—particularly
-OHB—exert powerful effects on epigenetic regulation, positioning ketogenic strategies
as potential modulators of long-term brain development after HIE [43]. 3-OHB has been
identified as an endogenous inhibitor of class I and class Ila HDACs, leading to increased
histone acetylation and broad changes in gene transcription. This mechanism directly links
cellular metabolic state to chromatin accessibility and transcriptional programs governing
stress resistance, neuronal survival, and synaptic plasticity [37,73,74].

Jang et al. reported that ketone exposure upregulates a network of genes involved in
oxidative stress resistance and mitochondrial homeostasis, including FOXO3a, superoxide
dismutase, and catalase. Activation of FOXO transcription factors promotes antioxidant
defense, autophagy, and DNA repair pathways, while enhanced expression of mitochon-
drial antioxidant enzymes improves resilience to secondary energy failure and oxidative
injury—key drivers of delayed neuronal loss in HIE [10].

In addition to regulating stress-response genes, ketone-mediated HDAC inhibition has
implications for synaptic plasticity and circuit maturation. Increased histone acetylation
has been associated with enhanced expression of neurotrophic factors, synaptic scaffolding
proteins, and activity-dependent plasticity genes, all of which are critical for adaptive
rewiring after injury [75]. In the context of neonatal HIE—where synaptic networks
are actively forming—such modulation may influence the balance between maladaptive
hyperexcitability and functional recovery.

The relevance of these findings is amplified in the perinatal period, a developmental
window characterized by heightened epigenetic plasticity. During late gestation and early
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postnatal life, chromatin remodeling plays a central role in regulating oligodendrocyte
maturation, interneuron differentiation, synaptic pruning, and myelination. Hypoxic—-
ischemic injury disrupts these tightly regulated programs, leading to long-lasting alterations
in connectivity and white matter integrity [76]. In this context, the HDAC-modulating
properties of ketone bodies raise the intriguing possibility that ketogenic strategies may not
only attenuate acute injury but also influence long-term neurodevelopmental trajectories
after HIE by reshaping epigenetic programming. Although these epigenetic mechanisms
are supported by robust experimental data in experimental models of brain injury and
development, direct causal evidence in neonatal hypoxic-ischemic encephalopathy remains
limited. Therefore, epigenetic modulation should be regarded as a promising but still
emerging mechanism in this specific context.

From a translational perspective, this epigenetic dimension suggests that ketone-
mediated neuroprotection may extend well beyond the acute and subacute phases of
hypoxia—ischemia.

4.8. Myelination, White Matter Integrity and Network Maturation

White matter injury is a hallmark of neonatal HIE and represents a major substrate
of long-term motor, cognitive, and behavioral impairments [77]. Beyond focal neuronal
loss, hypoxia—ischemia disrupts the maturation of pre-oligodendrocytes, the predominant
oligodendroglial population in the perinatal brain, which are exquisitely vulnerable to
oxidative stress, excitotoxicity, and inflammation. Damage or arrested differentiation of
these cells results in diffuse hypomyelination and impaired network connectivity, even in
infants who escape large cortical infarctions [78,79].

Ketone bodies occupy a unique position at the intersection of energy metabolism and
lipid biosynthesis, both of which are critical for myelin formation. During normal devel-
opment, ketones are preferential substrates for the synthesis of fatty acids and cholesterol,
essential structural components of myelin membranes [80,81]. Of interest, ketone uptake
and utilization are physiologically upregulated, and ketones contribute not only to cerebral
energy supply but also to the rapid expansion of myelinating white matter tracts [82]. In
the context of HIE, where endogenous substrate availability and mitochondrial function
are compromised, ketone-based metabolic support may therefore be particularly relevant
for sustaining myelin synthesis during a vulnerable developmental window.

In addition to serving as biosynthetic precursors, ketone bodies may indirectly protect
white matter by stabilizing mitochondrial function and reducing oxidative and inflamma-
tory stress within oligodendrocyte lineage cells. Preservation of mitochondrial membrane
potential, improved redox balance, and attenuation of microglial-derived cytokines—all
documented effects of ketogenic interventions—are highly relevant given the sensitivity
of pre-oligodendrocytes to mitochondrial dysfunction and lipid peroxidation [83]. These
mechanisms provide a plausible link between ketone metabolism and reduced diffuse
white matter injury after hypoxia—ischemia.

While direct data in neonatal hypoxia-ischemia models remain limited, parallel find-
ings from models of perinatal inflammation and metabolic stress support the notion that
alternative energy sources availability favors myelin-related gene expression and structural
integrity of white matter tracts [84].

Importantly, white matter integrity is tightly linked to network maturation and higher-
order brain function. Disrupted myelination alters conduction velocity, impairs synchro-
nization across distributed networks, and interferes with activity-dependent circuit refine-
ment [85]. In HIE survivors, these alterations manifest as deficits in motor coordination,
executive function, attention, and processing speed, even in the absence of severe motor
disability [86]. By supporting oligodendrocyte survival and maturation, ketone-based
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interventions may therefore exert downstream effects on large-scale network organization
and long-term neurodevelopmental outcomes.

Taken together, these observations suggest that ketogenic strategies may be uniquely
suited to address a critical and often underappreciated component of HIE pathology:
diffuse white matter injury and impaired network maturation. It should be emphasized
that, while the biological plausibility linking ketone metabolism to white matter protection
is strong, direct demonstration of ketone-mediated myelin rescue in neonatal HIE models
is still lacking. Consequently, effects on myelination and network maturation should be
interpreted as putative longer-term mechanisms requiring targeted experimental validation.

4.9. Preclinical Evidence in Neonatal Hypoxia—Ischemia

Preclinical evidence supporting the use of ketogenic strategies in neonatal HIE brain
injury has progressively accumulated, providing a coherent mechanistic and developmen-
tal rationale for ketone-based neuroprotection. As summarized by Zhou et al., a central
premise emerging from animal studies is that the immature brain is metabolically primed
to utilize ketone bodies as alternative fuels, particularly under conditions of glucose de-
privation and mitochondrial stress typical of hypoxia—ischemia. Classic developmental
studies demonstrated that during the neonatal period ketone bodies contribute substan-
tially to cerebral energy metabolism and lipid synthesis, supporting both ATP generation
and structural brain development [87,88]. This intrinsic metabolic flexibility suggests that
ketosis may be especially relevant in the context of neonatal HIE, where failure of oxidative
phosphorylation and impaired glucose utilization are early and sustained features of injury.

Direct experimental evidence for ketone-mediated neuroprotection in neonatal HIE
was provided showing that 3-OHB attenuated brain injury in neonatal animal models by
alleviation of neuronal apoptosis, reducing oxidative stress and inflammation [89,90].
These findings provided one of the earliest demonstrations that augmenting ketone
metabolism can directly stabilize cerebral bioenergetics in the immature brain during
hypoxic-ischemic stress.

Subsequent studies in juvenile and developmentally immature models of cerebral
ischemia and traumatic brain injury have reinforced and extended these observations,
supporting the biological plausibility of ketogenic interventions in neonatal HIE. Puchowicz
et al. demonstrated that diet-induced ketosis preserved mitochondrial respiration, reduced
oxidative damage, and improved tissue survival following focal cerebral ischemia [91].
Similarly, Prins and colleagues reported age-dependent neuroprotection by ketones, with
immature animals deriving significantly greater benefit than adults, underscoring the
unique responsiveness of the developing brain to ketone-based metabolic support [92].
Although these models do not fully recapitulate neonatal HIE, they provide convergent
evidence that ketones preferentially enhance mitochondrial efficiency and energy stability
during early life.

Mechanistically, preclinical studies consistently indicate that ketone metabolism mit-
igates several downstream components of HIE injury. Ketogenic interventions reduce
mitochondrial reactive oxygen species generation, improve redox balance, and enhance
coupling efficiency, thereby limiting secondary energy failure [34,35]. These effects are
particularly relevant in neonatal HIE, where oxidative stress and mitochondrial dysfunction
drive delayed neuronal and oligodendroglial injury. In addition, transcriptomic and molec-
ular studies suggest that KD modulate gene expression programs related to antioxidant
defense, apoptosis, and synaptic stability in the developing brain, without overt evidence
of impaired growth or gross neurodevelopment in animal models [93,94].

Despite these encouraging findings, some limitations of the current preclinical litera-
ture are present. Most studies, in fact, differ substantially in animal age, timing of ketogenic
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exposure, duration of ketosis, and outcome measures, and very few directly model the
clinically relevant scenario of post-insult intervention or combination with TH. Moreover,
data specifically addressing long-term neurodevelopmental outcomes after neonatal HIE
under ketogenic conditions remain sparse. Nonetheless, taken together, available preclini-
cal evidence supports the concept that ketogenic strategies—by stabilizing cerebral energy
metabolism, reducing oxidative injury, and leveraging the unique metabolic physiology
of the neonatal brain—represent a biologically compelling and developmentally tailored
approach to neuroprotection in HIE.

4.10. Endogenous Ketosis and Dexamethasone Pretreatment

The study by Dardzinski et al. constitutes a landmark contribution to the under-
standing of ketone-mediated neuroprotection in HIE brain injury and remains one of the
most mechanistically informative preclinical demonstrations of endogenous ketosis as a
protective metabolic state. Using a postnatal day 7 (P7) rat model—developmentally com-
parable to the term human neonate—the authors showed that systemic pretreatment with
dexamethasone induced a robust increase in circulating 3-OHB prior to HIE, accompanied
by a profound attenuation of subsequent cerebral injury [53].

From a mechanistic standpoint, the central insight of this work lies in the preserva-
tion of cerebral bioenergetics during and after the hypoxic-ischemic insult. In vivo "31P
magnetic resonance spectroscopy ("31P-MRS) revealed that dexamethasone-pretreated
pups maintained near-normal levels of ATP and phosphocreatine throughout the insult
and reperfusion phases, whereas untreated controls exhibited rapid depletion of high-
energy phosphates, consistent with catastrophic failure of oxidative phosphorylation. This
metabolic preservation closely paralleled histopathological outcomes: pretreated animals
displayed minimal cortical and subcortical injury, while controls developed extensive
neuronal loss and infarction [53].

Importantly, the authors systematically examined potential confounders and con-
cluded that the observed neuroprotection was unlikely to be explained by improved
oxygen delivery, altered cerebral blood flow, or nonspecific hemodynamic effects. Instead,
dexamethasone pretreatment induced a marked metabolic shift characterized by reduced
cerebral glucose utilization and increased reliance on ketone bodies as oxidative substrates.
Given that ketone metabolism enters the tricarboxylic acid cycle downstream of glycolysis
and bypasses several vulnerable steps of glucose-dependent energy production, this shift
likely conferred a critical energetic advantage under conditions of limited oxygen and
impaired mitochondrial function. In the context of neonatal HIE—where inhibition of
pyruvate dehydrogenase, mitochondrial complex I dysfunction, and secondary energy
failure are prominent—enhanced ketone availability may therefore stabilize ATP generation
when glucose oxidation becomes inefficient or fails entirely [53].

At the cellular level, ketone-supported mitochondrial respiration is associated with a
higher ATP/O, ratio and reduced electron leak compared with glucose-based metabolism,
thereby limiting the production of ROS during reperfusion. Although oxidative stress
markers were not directly assessed in this study, the preservation of phosphocreatine and
ATP strongly suggests improved mitochondrial coupling efficiency and resistance to energy
collapse. These findings are particularly relevant to the immature brain, which exhibits both
high energy demand and a limited capacity to upregulate alternative metabolic pathways
in response to acute injury.

It is essential to acknowledge that dexamethasone exerts pleiotropic systemic effects,
including modulation of stress hormone signaling and peripheral metabolism. However,
the tight temporal and quantitative correlation between elevated plasma 3-OHB levels,
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preserved cerebral high-energy phosphates, and dramatically reduced histological injury
supports a causal role for endogenous ketosis in mediating neuroprotection.

From a translational perspective, the work by Dardzinski et al. has enduring rele-
vance. It establishes that metabolic preconditioning via ketosis is feasible in the neonatal
brain and can profoundly alter injury severity. At the same time, it highlights critical
challenges for clinical translation, including the impracticality and safety concerns of
steroid pretreatment and the narrow therapeutic window inherent to pre-injury inter-
ventions. These limitations have shifted subsequent research toward nutritional and
exogenous ketone strategies capable of achieving similar metabolic effects without the
systemic liabilities of glucocorticoids.

4.11. Differential Metabolism of Glucose Versus B-OHB in Neonatal Hypoxia—Ischemia

A growing body of experimental evidence indicates that the neonatal brain is metabol-
ically distinct from the adult brain, exhibiting a developmental preference for ketone bodies
over glucose as oxidative substrates. During late gestation and early postnatal life, ketone
bodies contribute substantially to cerebral energy production and lipid biosynthesis, sup-
porting rapid brain growth, myelination, and synaptogenesis [87,88]. This physiological
reliance on ketone metabolism provides an essential framework for understanding why
ketone availability may confer a selective advantage under pathological conditions such as
HIE injury.

The most direct experimental demonstration of substrate-specific metabolic resilience
in neonatal HIE was provided by Odorcyk et al., who quantitatively compared glucose
and -OHB metabolism using “13C-labeled substrates and nuclear magnetic resonance
spectroscopy in a rat model of neonatal HIE. Their data showed that, following HIE,
oxidation of "13C-glucose was markedly impaired, with reduced incorporation into TCA
intermediates and increased lactate accumulation, reflecting a shift toward anaerobic
glycolysis. In contrast, “13C-3-OHB was efficiently incorporated into TCA metabolites,
indicating preserved mitochondrial oxidation of ketone bodies despite the ischemic insult.
This preferential utilization of 3-OHB was accompanied by improved preservation of
cerebral high-energy phosphates, strongly supporting the concept that ketone metabolism
remains functional when glucose metabolism fails [95].

Mechanistically, these findings are highly relevant to the pathophysiology of neonatal
HIE. Glucose-dependent ATP generation is particularly vulnerable to hypoxia—ischemia
due to inhibition of pyruvate dehydrogenase, mitochondrial complex I dysfunction, and
accumulation of lactate and protons during reperfusion. Ketone bodies, by entering the
TCA cycle as acetyl-CoA independently of glycolysis and pyruvate dehydrogenase, bypass
key metabolic bottlenecks and support oxidative phosphorylation under conditions of
limited oxygen availability. The work of Odorcyk et al. therefore provides direct metabolic
evidence that the immature brain possesses an intrinsic capacity to preferentially oxidize
ketones during HIE, conferring a form of endogenous metabolic neuroprotection.

In addition, experimental models of cerebral ischemia outside the neonatal period
have shown that ketone supplementation can enhance mitochondrial efficiency, reduce
oxidative stress, and improve energy metabolism, suggesting that the bioenergetic benefits
of ketones under ischemic conditions are conserved across developmental stages, albeit
most pronounced in the immature brain [91]. Although these studies do not directly model
neonatal HIE, they reinforce the mechanistic plausibility of ketone-based metabolic rescue.

More recent experimental work in neonatal HIE models has begun to explore the ther-
apeutic implications of these metabolic differences. In post-insult paradigms, exogenous
-OHB administration has been associated with improved cerebral metabolic profiles and
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reduced neuronal injury, further supporting the idea that ketone availability during the
phase of secondary energy failure may be particularly beneficial [96].

Taken together, these observations support a unifying model in which neonatal HIE
unmasks a substrate-specific vulnerability of glucose metabolism, while ketone oxidation
remains comparatively preserved. Exploiting this intrinsic metabolic asymmetry—through
KDs or exogenous ketone supplementation—may therefore represent a rational strategy to
stabilize cerebral bioenergetics during secondary energy failure in neonatal HIE.

4.12. Exogenous B-OHB and Post-Insult Neuroprotection

The possibility that ketone bodies may exert neuroprotective effects even when ad-
ministered after HIE injury is of particular translational relevance for neonatal HIE. In
this context, Lee et al. provided one of the first direct experimental demonstrations that
exogenous 3-OHB delivered post-insult can attenuate brain injury in the immature brain.
Using a suckling rat model, the authors administered 3-OHB following HIE and observed
significant reductions in neuronal loss in vulnerable brain regions, accompanied by a de-
crease in TUNEL-positive cells, indicating attenuation of apoptotic cell death pathways [97].
These histopathological benefits were paralleled by improvements in functional outcomes,
supporting the biological relevance of the observed tissue protection.

From a mechanistic perspective, although Lee et al. did not directly measure cerebral
metabolic fluxes, the pattern of injury attenuation is consistent with stabilization of post-
ischemic energy metabolism. The post-insult period in neonatal HIE is characterized by
secondary energy failure, during which glucose utilization remains impaired due to mito-
chondrial dysfunction and inhibition of key glycolytic—oxidative coupling steps. Exogenous
-OHB, by serving as an efficient oxidative substrate that enters the TCA cycle indepen-
dently of glycolysis and pyruvate dehydrogenase, may partially restore ATP generation
during this vulnerable phase, thereby limiting the activation of delayed cell death cascades.
The reduction in apoptotic markers observed in 3-OHB-treated animals is compatible with
improved mitochondrial function and energy availability during reperfusion [97].

Additional support for the therapeutic relevance of post-insult 3-OHB administra-
tion comes from more recent neonatal HIE studies exploring metabolic and combinatorial
strategies. In a neonatal HIE model, Fabres and colleagues demonstrated that exogenous
[3-OHB administered after injury increased cerebral glucose uptake and reduced hippocam-
pal neuronal loss, with additive neuroprotective effects when combined with therapeutic
hypothermia, the current standard of care for neonatal HIE [96]. These findings collec-
tively suggest that ketone administration can favorably modulate post-ischemic cerebral
metabolism and may synergize with hypothermia-based neuroprotection.

Moreover, experimental models of severe metabolic stress, such as hypoglycemia-
induced neuronal injury, further reinforce the concept that 3-OHB can preserve neuronal
viability under conditions of impaired glucose availability. In such models, systemic 3-OHB
administration reduced neuronal death, preserved cellular energy levels, and attenuated
ROS production, underscoring the capacity of ketone bodies to stabilize bioenergetics and
limit oxidative damage when glucose metabolism is compromised [98].

Taken together, these studies indicate that exogenous 3-OHB is not merely a precondi-
tioning agent but can function as a post-insult metabolic therapy capable of attenuating
evolving brain injury in the immature brain. While important questions remain regarding
optimal dosing, timing, and interaction with established therapies such as TH, the con-
vergence of evidence from neonatal HIE models and related metabolic injury paradigms
provides a strong rationale for further translational exploration of ketone-based strategies
in neonatal HIE.
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4.13. Broader Ischemic Models

Although direct evidence in neonatal HIE remains limited, a substantial body of data
from broader ischemic models supports the concept that ketone-based metabolism exerts
robust neuroprotective effects across different forms of cerebral ischemia. Zharikova et al.
recently provided an integrative analysis of transcriptomic, metabolomic, and microbiome
changes induced by KD in experimental stroke models, collating evidence from adult and
juvenile animals subjected to focal cerebral ischemia. Across these models, KD consistently
reduced infarct volumes, improved neurological and behavioral outcomes, and attenuated
molecular markers of apoptosis, oxidative stress, and neuroinflammation [99]. Impor-
tantly, the authors highlighted coordinated metabolic reprogramming toward enhanced
mitochondrial function and antioxidant capacity as central mediators of these effects.

These findings are consistent with earlier preclinical studies demonstrating that keto-
genic interventions or exogenous ketone administration confer protection in adult models
of ischemic stroke. Puchowicz et al. showed that diet-induced ketosis preserved mitochon-
drial respiration and reduced oxidative damage following focal ischemia, with improved
tissue survival and energy metabolism [91]. Similarly, Suzuki and colleagues demonstrated
that ketone administration after transient cerebral ischemia reduced infarct size and im-
proved neurological recovery, effects linked to improved mitochondrial redox state and
reduced ROS generation [100]. While these studies were conducted in mature brains, they
provide strong mechanistic support for the idea that ketone metabolism enhances resilience
to ischemic energy failure.

From a mechanistic standpoint, these broader ischemic models converge on several
pathways directly relevant to neonatal HIE. Ketone metabolism improves the ATP/O, ratio,
limits mitochondrial electron leak, and reduces oxidative stress during reperfusion—processes
that are central drivers of delayed injury in both adult stroke and neonatal HIE. Transcrip-
tomic analyses further suggest that KD modulates gene expression programs related to
mitochondrial biogenesis, antioxidant defenses, and inflammatory signaling, including
suppression of pro-apoptotic and pro-inflammatory pathways [93,99]. Although the spe-
cific gene networks engaged may differ by developmental stage, the directionality of these
effects aligns closely with the pathophysiology of neonatal HIE.

Critically, extrapolation from adult ischemic models to neonatal HIE must be per-
formed cautiously.

However, evidence from adult and juvenile ischemic models strengthens the biologi-
cal plausibility of ketone-mediated neuroprotection and provides important mechanistic
insights that complement neonatal-specific studies. While these data cannot substitute
for direct neonatal HIE experiments, they reinforce the concept that targeting cerebral
metabolism through ketogenic or ketone-based strategies addresses conserved mechanisms
of ischemic injury—mitochondrial dysfunction, oxidative stress, and programmed cell
death—that are shared across age groups. In this framework, neonatal HIE emerges not
as an exception, but as a developmentally primed condition in which the neuroprotective
potential of ketone metabolism may be particularly pronounced. Given the high degree of
interconnection among metabolic, inflammatory, and developmental mechanisms, partial
overlap across the following sections is unavoidable.

5. Clinical Evidence: What Can We Realistically Look Inside Today?
5.1. Ketogenic Diet in Infants and Neonates

Over the past decade, a growing body of evidence has established that the KD is
feasible, safe, and often effective in infants younger than 2 years, including neonates with
severe and refractory epilepsies [101]. Multiple cohort studies and systematic reviews have
demonstrated that seizure reduction rates in infants are comparable to those observed
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in older children, provided that the diet is implemented within specialized centers with
careful nutritional and metabolic monitoring [102-104]. Importantly, these studies have
challenged earlier assumptions that infants are unable to tolerate or sustain ketosis, instead
showing that early life represents a physiologically ketone-adapted state.

In a recent multicenter feasibility study, Hsieh et al. evaluated different KD variants—
including classic KD, MCT-KD, and modified KD—in infants with drug-resistant epilepsy
and reported that all approaches were implementable with acceptable safety profiles when
rigorous protocols for glucose, acid—base balance, lipid levels, and growth parameters were
applied [105]. Although transient adverse effects such as hypoglycemia, metabolic acidosis,
dyslipidemia, and gastrointestinal intolerance were observed, these complications were
generally manageable and rarely required discontinuation of therapy. Similar findings
have been reported in earlier infant cohorts, reinforcing that age alone should not be
considered a contraindication to KD [101]. Experience specifically in neonates is necessarily
more limited, but emerging case series and small observational studies are particularly
informative. Neonatal KD has been successfully employed in refractory seizures due to
diverse etiologies, including genetic epileptic encephalopathies, metabolic disorders, and
acute symptomatic seizures, with reports of meaningful seizure reduction and acceptable
tolerability [106-108]. Notably, KD has been administered even in premature or medically
fragile neonates under intensive monitoring, demonstrating that ketosis can be achieved
and maintained in this population without prohibitive risk when managed by experienced
multidisciplinary teams [107]. From a mechanistic perspective, the apparent tolerability
of KD in neonates aligns with developmental neurobiology. During late gestation and
early postnatal life, ketone bodies contribute substantially to cerebral energy metabolism
and lipid synthesis, supporting myelination and membrane formation. Neonates exhibit
high expression of monocarboxylate transporters and ketolytic enzymes, rendering the
neonatal brain particularly efficient at ketone uptake and utilization. This physiological
predisposition likely explains why infants and neonates can achieve stable ketosis at
lower ketogenic ratios than older children, potentially reducing metabolic stress while
preserving efficacy. These clinical experiences in neonatal epilepsy are highly relevant
for HIE. They demonstrate that KD-based interventions are technically feasible even in
critically ill neonates and can be delivered safely in intensive care settings when appropriate
expertise is available. While seizure control is the primary endpoint in epilepsy cohorts, the
observed safety and metabolic adaptability provide an essential translational foundation
for exploring KD or ketone-based strategies in neonatal HIE, where metabolic failure,
excitotoxicity, and network instability are central drivers of injury. Importantly, these data
suggest that the neonatal period—often perceived as too fragile for metabolic interventions—
may in fact represent a uniquely permissive window for ketone-based neuroprotection.

5.2. KD in Acquired Structural Etiologies Including HIE

Although most pediatric studies of KD focus on genetic and developmental epileptic
encephalopathies, accumulating evidence suggests that KD can also be effective in seizures
arising from acquired structural brain injuries, including hypoxic-ischemic injury. In
a retrospective cohort of children with refractory epilepsy due to acquired structural
etiologies, Villaluz et al. found that a majority of patients responded favorably to KD, with
a significant proportion demonstrating >50% reduction in seizure frequency at 3 months
and sustained improvement over longer follow-up (7/9 responders at 3 months in the
acquired group) [109]. Importantly, among this cohort were patients with documented HIE,
of whom two achieved seizure freedom at 6 months, suggesting that KD may favorably
modulate epileptogenesis even when the underlying lesion is structural and non-genetic.
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This pattern of efficacy is supported by larger retrospective analyses. In a single-center
study of 42 children with drug-resistant epilepsy due to structural pathology—including
neonatal HIE, hypoglycemic injury, intracranial hemorrhage, and sequelae of infection—
KD therapy was associated with meaningful seizure control and functional improvements
over 1-6 months of treatment (seizure control effective rate ~52.4% at 3 months), although
response rates varied across structural subgroups (including HIE) [110].

Similarly, a retrospective analysis of 23 children treated with KD for structural etiolo-
gies reported a high proportion of responders (60.9% at 3 months), with particularly robust
seizure reductions seen in the subgroup of patients with a history of neonatal brain injury,
including HIE (100% > 50% reduction in seizures in the HIE subgroup) [111].

These findings align with the broader literature indicating that KD can be effective
across a range of structural causes of drug-resistant epilepsy, and that certain acquired
injuries—including those of perinatal onset—may be particularly responsive.

Beyond purely seizure frequency outcomes, clinical series also note improvements in
cognitive, behavioral, and developmental domains in children on KD following structural
brain injury. In the larger cohort described by Zhang et al., up to 69% of patients exhibited
cognitive and behavioral benefits coinciding with improved seizure control, underscoring
the potential of KD to influence neurodevelopmental trajectories in structurally injured
brains [110].

Mechanistically, several pathways may contribute to KD’s efficacy in structural epilep-
sies. Ketone bodies exert anticonvulsant effects through modulation of excitatory trans-
mission, enhancement of inhibitory tone, stabilization of neuronal membrane potential,
and reduction in neuroinflammation and oxidative stress—mechanisms that are relevant
irrespective of the initial lesion etiology. Moreover, structural injuries such as HIE often
leave a milieu of metabolic dysfunction, network reorganization, and gliosis that may
be particularly amenable to metabolic modulation via KD. Although direct mechanistic
studies in acquired structural epilepsy are sparse, the consistency of clinical responses
across etiologies suggests that KD’s effects extend beyond specific genetic substrates and
tap into more general neuroprotective and neuromodulatory pathways.

5.3. Specific Evidence Synthesis for KD in Neonatal HIE

The review by Zhou et al. represents, to date, the most comprehensive and focused
synthesis addressing the potential role of KD and ketone-based strategies in neonatal
HIE [9]. By integrating developmental neurobiology, experimental hypoxia—ischemia
models, and early clinical observations, the authors articulate a coherent framework in
which ketone metabolism emerges as a biologically plausible and developmentally aligned
neuroprotective intervention for the injured newborn brain.

Zhou and colleagues emphasize that the mechanistic rationale for KD in neonatal
HIE is both strong and intrinsically multi-layered. Ketone bodies target central nodes
of hypoxic-ischemic injury, including mitochondrial bioenergetic failure, excitotoxic glu-
tamatergic signaling, oxidative stress, neuroinflammation, and epigenetic dysregulation.
Rather than acting on a single pathway, ketones operate as pleiotropic neurometabolic
modulators, capable of stabilizing energy metabolism, dampening inflammatory cascades,
and reshaping transcriptional programs critical for cell survival and network maturation.
This systems-level mode of action is particularly relevant in HIE, where injury evolves
across tightly interwoven metabolic, inflammatory, and developmental axes [9].

From a preclinical standpoint, animal models of neonatal hypoxia—ischemia consis-
tently demonstrate reduced brain injury and improved functional outcomes when ketone
availability is increased, either through dietary manipulation, pharmacological induction
of ketosis, or exogenous ketone administration. Importantly, protective effects have been
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observed both when ketosis precedes the insult—buffering the initial energetic collapse—
and when ketones are supplied after hypoxia-ischemia, attenuating secondary energy
failure, oxidative stress, and delayed cell death [9]. These findings resonate with broader is-
chemia literature and reinforce the notion that ketone metabolism can intervene at multiple
temporal stages of injury evolution.

On the clinical side, Zhou et al. contextualize neonatal HIE within the expanding
experience of KD in neonates and infants with refractory epilepsy. They underscore that
KD is feasible and often effective even in very young patients, including those with seizures
secondary to hypoxic—ischemic brain injury, provided that implementation occurs in spe-
cialized settings with meticulous metabolic and nutritional monitoring [9]. While seizure
control is not synonymous with neuroprotection, these data are crucial in establishing
the safety, tolerability, and practical deliverability of ketogenic strategies in precisely the
population most relevant to HIE.

Despite strong mechanistic plausibility and converging preclinical evidence, no in-
terventional trials have yet tested whether ketone-based metabolic support can enhance
neuroprotection beyond hypothermia alone in neonatal HIE. This gap persists despite
the well-recognized limitations of hypothermia, which leaves a substantial proportion of
infants with death or long-term neurodisability.

6. Discussion

Our scoping review synthesizes a growing body of mechanistic, preclinical, and emerg-
ing clinical evidence suggesting that ketogenic strategies may represent a biologically plau-
sible adjunctive approach in neonatal HIE. Unlike conventional neuroprotective paradigms
that primarily target single downstream injury pathways, ketone-based metabolism exerts
pleiotropic effects across multiple levels of the ischemic cascade, including mitochondrial
energetics, excitotoxic signaling, neuroinflammation, epigenetic regulation, and white
matter integrity [6,9,10,12].

A central insight emerging from experimental studies is the intrinsic metabolic advan-
tage of the immature brain when ketone bodies are available. Neonatal neurons and glia
readily oxidize 3-OHB and AcAC, which enter the TCA cycle downstream of complex 1, a
major site of hypoxia—-ischemia-induced dysfunction. This bypass confers greater energetic
efficiency, reduces reactive oxygen species generation, and preserves high-energy phos-
phate stores during secondary energy failure [53,95]. Importantly, both endogenous ketoses
induced by dexamethasone pretreatment and exogenous post-insult 3-OHB administration
have demonstrated neuroprotective effects in neonatal rodent models, supporting the
concept that ketone availability before or after injury can mitigate neuronal loss [53,97].
Beyond energy metabolism, ketone bodies modulate excitatory-inhibitory balance through
mechanisms particularly relevant to the neonatal brain. Decanoic acid, a key component of
the medium-chain triglyceride KD, acts as a direct non-competitive antagonist of AMPA
receptors, thereby attenuating glutamate-driven excitotoxicity and epileptiform propaga-
tion independent of GABAergic pathways [62,64]. This feature is especially pertinent in
early development, when depolarizing GABA signaling limits the efficacy of conventional
antiseizure medications.

Neuroinflammation represents another critical target of ketone-mediated neuroprotec-
tion. B-OHB has been shown to inhibit the NLRP3 inflammasome, reduce microglial
activation, and suppress pro-inflammatory cytokine release in multiple experimental
systems [4,36]. Although direct evidence in neonatal HIE models remains limited, the
prolonged inflammatory response characteristic of neonatal brain injury renders this mech-
anism highly relevant, as emphasized in recent integrative reviews [9,12].
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Epigenetic regulation further distinguishes ketone bodies from traditional metabolic
substrates. Acting as endogenous histone deacetylase inhibitors, ketones influence tran-
scriptional programs related to oxidative stress resistance, neuronal survival, and synaptic
plasticity [10]. Given the heightened epigenetic plasticity of the perinatal brain, such ef-
fects may extend neuroprotection beyond the acute phase, potentially shaping long-term
neurodevelopmental trajectories after HIE. The evidences are summarized in Table 1.

Table 1. Ketone-mediated mechanisms relevant to neuroprotection in neonatal hypoxic-
ischemic encephalopathy.

Mechanistic Domain

Key Targets Relevance in HIE Supporting Evidence

Mitochondrial energetics

-OHB enter TCA cycle as

acetyl-CoA; improved ATP/O, Second?ry e(rjler%y fa{lure and Dal(‘jdzmsii(l et .lal. [53.] ;
ratio; preservation of mitochondrial complex I dysfunction are Odoreyk et al. [32;
! central to neonatal HIE injury Jang et al. [9]

membrane potential

Oxidative stress

Oxidative injury and
oligodendrocyte vulnerability
drive white matter damage

Makievskaya et al. [6];
Brandt et al. [21]

Reduced ROS generation; reduced
lipid peroxidation

AMPA receptor inhibition by AMPA-mediated excitation
. .. .. . . Chang et al. [62];
Excitotoxicity decanoic acid; reduced glutamate = propagates seizures; GABA is .
) . L Rogawski et al. [64]
release; enhanced astrocytic uptake depolarizing in neonates
Inhibition of NLRP3 inflammasome; Neuroinflammation is Youm et al. [36], Qi et al. [4];
Neuroinflammation reduced IL-13, TNF-«, IL-6; prolonged and contributes to j ¢ Bt
. . . .. . Wood et al. [12]
modulation of microglial phenotype secondary injury in HIE

Epigenetic regulation

Perinatal brain is highly
epigenetically plastic;
long-term programming

Class I/IIa HDAC inhibition;
transcription of antioxidant and
plasticity-related genes

Jang et al. [10]

effects
. Support of 1.1p1d. synthesis, Diffuse whlte matter injury Jang et al. [10];
White matter myelination, underlies later motor and Makievskaya et al. [6]
oligodendrocyte maturation cognitive deficits y '

-OHB: p-hydroxybutyrate; TCA: Tricarboxylic Acid Cycle; ATP: Adenosine Triphosphate; HIE:
Hypoxic-ischemic encephalopathy; ROS: Reactive oxygen species; AMPA: x-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; GABA: Gamma-aminobutyric acid; NLRP3: NOD-like receptor family pyrin domain
containing 3; IL-1f: Interleukin-13; TNF-«: Tumor necrosis factor-o; IL-6: Interleukin-6; HDAC: Class I his-
tone deacetylase.

Given the multifactorial nature of neonatal hypoxic—ischemic brain injury, Figure 2
schematically summarizes the integrated mechanistic framework through which ketogenic
strategies and ketone bodies may exert pleiotropic neuroprotective effects. By targeting
convergent metabolic, inflammatory, and developmental pathways, ketogenic interven-
tions are conceptually positioned as multimodal adjunctive strategies rather than single-
mechanism therapies.

From a clinical standpoint, accumulating evidence indicates that KDs can be safely
implemented in infants, including very young and medically complex patients, when
managed in specialized centers. Multiple cohort studies and systematic analyses demon-
strate feasibility, acceptable tolerability, and meaningful seizure reduction in infants with
refractory epilepsies, including those with acquired structural etiologies such as hypoxic—
ischemic injury [109,110]. These observations, although not neuroprotective trials per se,
provide important proof-of-principle that ketone-based therapies are clinically viable in
populations relevant to HIE survivors. An important unresolved issue concerns which ke-
togenic approach may be most appropriate in the context of neonatal HIE. Rather than rep-
resenting a single intervention, “ketogenic strategies” encompass a spectrum of metabolic
tools, including classic ketogenic diets, medium-chain triglyceride-based diets, exogenous
ketone supplementation (e.g., 3-OHB), and targeted fatty acids such as decanoic acid. Each
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of these approaches may differ substantially in terms of feasibility, onset of action, and
mechanistic emphasis.

Ketogenic Strategies in Neonatal Hypoxic-Ischemic Encephalopathy

Integrated Mechanicic Framework

Oxidative Stress
Reduction

Decreased ROS, |
Enhanced Antioxidants |

Mitochondrial
Protection

Neuroinflammation
Modulation
Reduced Cytokines,

Microglial Regulation

G

Energy Support,
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Attenuation
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4> e

Neuroprotection in Neonatal Hypoxic— ic Encephalopathy

Figure 2. Integrated mechanistic framework of ketogenic strategies in neonatal hypoxic-ischemic
encephalopathy (HIE). The figure summarizes the proposed multimodal mechanisms through which
ketogenic strategies and ketone bodies may contribute to neuroprotection in the immature brain
following hypoxic-ischemic injury. Ketogenic interventions are depicted as central metabolic modu-
lators influencing interconnected pathways, including mitochondrial bioenergetics, oxidative stress,
excitotoxicity, neuroinflammation, and longer-term epigenetic and white matter processes. Arrows
indicate functional interactions rather than direct causal relationships, highlighting the pleiotropic
and hypothesis-generating nature of this framework.

From a clinical perspective, several practical issues must be considered before ke-
togenic strategies can be translated into neonatal HIE care. These include safety and
tolerability in critically ill neonates, metabolic monitoring during therapeutic hypothermia,
potential interactions with glucose and lipid metabolism, and the feasibility of dietary
versus exogenous ketone approaches.

Exogenous ketone supplementation may offer theoretical advantages in the acute
phase by providing rapidly available alternative substrates without the need for major
dietary modifications. Conversely, dietary ketogenic strategies may be more suitable for
later phases, where sustained metabolic modulation could influence neuroinflammation
and recovery. At present, however, these considerations remain theoretical and require
rigorous clinical evaluation.

Conceptually, different strategies may align with distinct phases of the triphasic
evolution of HIE. During the acute and early secondary energy failure phases, rapidly
bioavailable substrates such as exogenous ketone bodies may be better suited to support
cerebral bioenergetics when glucose oxidation is impaired. In contrast, dietary ketogenic
approaches may be more relevant in the subacute or tertiary phases, where sustained mod-
ulation of inflammation, network excitability, and metabolic programming may influence
longer-term recovery trajectories.

At present, however, optimal timing, dosing, duration, and patient selection remain
undefined, and no comparative data exist to support one ketogenic strategy over another
in neonatal HIE. These variables represent critical priorities for future preclinical and
clinical studies.

Finally, recent studies on nutritional management during TH challenge long-standing
assumptions regarding feeding intolerance and metabolic vulnerability in HIE. Carefully
monitored enteral and parenteral nutrition during hypothermia appears feasible and safe,
opening a translational window for metabolically targeted interventions during the acute
phase of injury [14,16-18,90]. Together, these data suggest that metabolic modulation in
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HIE is not only biologically justified but also clinically actionable. Clinical and preclinical
evidences are reported in Table 2.

Table 2. Experimental and clinical evidence supporting ketogenic strategies in neonatal hypoxic—
ischemic brain injury.

Study/Model Intervention Timing Relative to HI Main Outcomes
Dexamethasone-induced Preserved ATP and
Dardzinski et al. [53], P7 rat Pre-insult phosphocreatine; minimal

endogenous ketosis L
cortical injury

Odorcyk et al. [95], neonatal rat

Exogenous 3-OHB vs. glucose
(3C tracing)

Superior 3-OHB oxidation;

During and post-HIE reduced lactate accumulation

Lee et al. [97], P13 rat

Reduced neuronal loss and

Post-insult . .
apoptosis; improved function

Exogenous (3-OHB

Chang et al. [62],
hippocampal slices

Decanoic acid (MCT-KD
component)

Non-GABAergic antiseizure

Acute .
mechanism

Zhou et al. [9], integrative review

Framework for neonatal HIE

KD and ketone bodies .
translation

Pre- and post-HIE

ATP: Adenosine Triphosphate; 3-OHB: -hydroxybutyrate; HIE: Hypoxic-ischemic encephalopathy; MCT:
Medium-chain triglyceride; KD: Ketogenic Diet; GABA: Gamma-aminobutyric acid.

Despite these advances, major knowledge gaps remain. No randomized controlled
trials have evaluated ketogenic diets or exogenous ketones as adjuncts to therapeutic
hypothermia, and optimal timing, dosing, formulation, and patient selection remain unde-
fined [9]. Addressing these gaps will require rigorously designed translational studies that
integrate developmental neurobiology, metabolism, and ethical considerations unique to
neonatal care. Importantly, we acknowledge that the present scoping review is hypothesis-
generating rather than practice-changing. To date, no randomized controlled trials or
prospective interventional studies have directly evaluated ketogenic diets or exogenous
ketone supplementation in neonates with hypoxic-ischemic encephalopathy. Therefore,
the clinical implications discussed herein are necessarily extrapolated from developmen-
tal neurobiology, neonatal and juvenile preclinical models, and clinical experience with
ketogenic therapies in infants with refractory epilepsy and acquired brain injury.

This scoping review has several limitations. First, the majority of available evidence
derives from preclinical models, with limited direct clinical data in neonates with HIE.
Second, significant heterogeneity exists in experimental paradigms, timing of interven-
tion, and outcome measures, limiting cross-study comparability. Third, the absence of
randomized controlled trials precludes conclusions regarding efficacy, safety, and optimal
implementation of ketogenic strategies in this population.

Future studies should prioritize phase-specific interventions aligned with the tem-
poral evolution of HIE, comparative evaluation of different ketogenic approaches, and
the integration of metabolic biomarkers with neurodevelopmental outcomes. Moreover,
the absence of randomized clinical trials in neonates with HIE precludes any conclu-
sions regarding efficacy, safety, or optimal implementation of ketogenic strategies in this
population. These limitations underscore the need for rigorously designed translational
studies integrating metabolic, neurodevelopmental, and ethical considerations unique to
neonatal care.

7. Conclusions

Ketone-based metabolic strategies represent a compelling and underexplored av-
enue for neuroprotection in neonatal HIE. By simultaneously targeting energy failure,
excitotoxicity, inflammation, epigenetic programming, and white matter vulnerability,
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ketone bodies align closely with the multifactorial nature of neonatal brain injury. Robust
preclinical evidence, combined with growing clinical experience in infants, supports
the feasibility of translating these approaches into carefully designed clinical trials. At
present, the available evidence does not support the use of ketogenic interventions as
standard clinical practice in neonatal HIE. Rather, the existing data define a strong biolog-
ical and developmental rationale that warrants further translational investigation and
carefully designed clinical trials. Future studies should focus on defining optimal thera-
peutic windows, delivery strategies, and outcome measures, with the ultimate goal of
complementing therapeutic hypothermia and improving long-term neurodevelopmental
outcomes in this vulnerable population.
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Abbreviations

The following abbreviations are used in this manuscript:

HIE Hypoxic-ischemic encephalopathy

TH Therapeutic hypothermia

KD Ketogenic diet

AcAc Acetoacetate

3-OHB B-hydroxybutyrate

ATP Adenosine Triphosphate

NMDA N-methyl-D-aspartate

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
P-MRS Phosphorus magnetic resonance spectroscopy
ROS Reactive oxygen species

MRI Magnetic Resonance Imaging

MCT1 Monocarboxylate Transporter 1

MCT2 Monocarboxylate Transporter 2

SCOT Succinyl-CoA:3-oxoacid CoA transferase
TCA Tricarboxylic Acid Cycle

NLRP3 NOD-like receptor family pyrin domain containing 3
IL-1pB Interleukin-1p3

IL-18 Interleukin-18

TNF-o Tumor necrosis factor-o

IL-6 Interleukin-6

GABA Gamma-aminobutyric acid

HDACs Class I histone deacetylases

FOXO3A Forkhead box O3A

Nrf2 Nuclear factor erythroid 2-related factor 2
NKCC1 Sodium-Potassium-Chloride Cotransporter 1
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KCC2 Potassium Chloride Cotransporter 2

MCT Medium-chain triglyceride

GluA2 A subunit of AMPA receptor

TUNEL Terminal deoxynucleotidyl transferase dUTP nick-end labeling
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