3-Hydroxybutyrate (BHB): An

Adaptive Energy Source for
Hypoglycemia Recovery

Summary

In the management of hypoglycemia, the restoration of euglycemia is often viewed as the definitive endpoint of
treatment. Evidence in patients with type 1 diabetes (T1D) shows a persistent "Recovery Gap" where cognitive
functions (choice, reasoning, attention) can remain impaired for hours, despite normalized plasma glucose levels.

The adaptive energy source, B-hydroxybutyrate (BHB), has metabolic advantages that make it uniquely suited to
rescue neuronal energy metabolism and mitigate oxidative stress during and after hypoglycemia. This white paper
examines the rationale for using BHB to bridge the Recovery Gap - mitigating short-term symptom burden for
patients and addressing the potential long-term risks to cognitive health in T1D.

1. Post-Hypoglycemic Metabolic Stress in the Brain

Standard-of-care glucose-only products effectively raise blood glucose levels, but often fail to deliver a complete
return to normal function in the hours following treatment. Clinical studies consistently demonstrate that cognitive
dysfunction can persist after systemic euglycemia is achieved, suggesting a mismatch between blood glucose
correction and neuronal energy restoration (1-4). For patients, this manifests as persistent "hangover" symptoms.

This arises because the brain enters a state of post-hypoglycemic metabolic stress (7-9). As detailed in other white
papers, hypoglycemia acts as an acute stressor that triggers an ‘energy bottleneck’, impairing the brain's capacity to
convert glucose into ATP (10, 11). The rapid reintroduction of glucose can then divert metabolism into pathways that
drive reactive oxygen species (ROS) production, exacerbating damage (12).

Patients with T1D are exposed to repeated hypoglycemic episodes over a lifetime, subjecting the brain to recurrent

stress. Evidence links frequent hypoglycemia to poorer performance on cognitive assessments (3) and an increased
risk of dementia (13-15).

This has driven increasing interest in strategies that leverage non-glucose energy pathways. By sustaining ATP
production when glycolysis is transiently impaired and reducing oxidative stress, these approaches have the
potential to improve functional recovery following hypoglycemia and long-term outcomes.
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Adaptive Energy Sources

2. An Evolutionary Perspective

Glucose is the brain’s primary energy source under normal physiological conditions, but the brain has evolved
adaptive mechanisms to preserve energy supply during periods of metabolic stress, like fasting, starvation, or
intense exercise, when glucose availability or utilisation is limited (16, 17).

BHB is a ketone body produced by the liver under periods of metabolic stress that can be used by the brain to
sustain ATP production (17). BHB can also be provided via oral supplementation to elevate plasma levels without the
need for prolonged fasting. In recent years, BHB has attracted increasing attention for its benefits in supporting
brain energy metabolism during states of metabolic stress, including hypoglycemia.

3.Why BHB is Metabolically Distinct

Rapid Cerebral Uptake

BHB readily crosses the blood-brain barrier via
monocarboxylate transporters (MCTs) (18). In people
with T1D it has been shown that MCT activity is
upregulated two-fold and MCT gene expression rises,
suggesting a natural adaptive response that facilitates
cerebral uptake of BHB during hypoglycemia (19).
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Efficient Energy Production

BHB is a highly efficient, energy-dense substrate. Compared to glucose, it delivers 21% more usable energy per
gram (20) and improves mitochondrial efficiency, generating more ATP per unit of oxygen consumed (21).
Additionally, BHB has been shown to increase cerebral blood flow by 30% in humans (22). These properties allow the
brain to sustain function during metabolic stress without additional physiological strain.

4. Effects of BHB on Brain Function

Acute Cognitive Support

Elevated BHB levels are associated with improved cognitive performance in low-energy states. During
hypoglycemia, BHB has been shown to reduce neuroglycopenic symptoms by 70%, preserve attention and
processing speed, and protect memory (23, 24). Cognitive benefits are also seen under normal glucose conditions
(25), suggesting that BHB may enhance neuronal function rather than simply compensating for glucose deficiency.
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4. Effects of BHB on Brain Function

Neuroprotection

Preclinical research demonstrates that BHB confers Cllnlcal Brleflng

broad neuroprotection by mitigating oxidative stress

and reducing neuroinflammation. Oxidation of BHB ot PlEEE L ElrrEoas (PR,

generates fewer ROS than glucose, reducing the e DKA is a life-threatening complication driven
cellular oxidative burden (26,27). In addition, BHB acts by insulin deficiency and runaway ketone
as a direct antioxidant, scavenging free radicals and production, with blood ketone levels >3.0
upregulating the production of endogenous mmol/L and severe acidification of the blood.

antioxidant enzymes (28, 29, 30). . , ,
e Physiological ketosis - a normal process -

Mechanistic studies also identify BHB as a reqgulator of occurs after fasting, when glucose and
neuroinflammation during hypoglycemia recovery. It glycogen stores are depleted and the body
suppresses activation of inflammatory pathways shifts to using fat for fuel.

triggered by overactivation of the  NLRP3
inflammasome during hypoglycemia (31). At the same
time, BHB activates protective signalling in the brain,
such as the HCA2 pathway, which promotes an anti-
inflammatory and neuroprotective response (32).

e Ketosis via exogenous BHB involves a
controlled, mild and transient elevation of
ketones (~0.5-1.0 mmol/L). At these levels,
BHB acts as an adaptive energy substrate
rather than an acid load, supporting brain

Support for Long-Term Brain Health metabolism without risking acidosis.

Clinical evidence links regular BHB exposure to lasting

improvements in cognitive performance in low-energy or metabolically stressed states (33,34). Preclinical studies

suggest this is driven by neurotrophic support: BHB stimulates the production of brain-derived neurotrophic factor

(BDNF) in hippocampal neurons to support neuronal survival (35), and has also been shown to stimulate synaptic

plasticity pathways (36). Together, these structural adaptations strengthen neural connections, potentially enhancing

long-term learning and memory.

5. Clinical relevance in Type 1 diabetes

The rationale for using BHB alongside glucose to support neuronal recovery in T1D is now backed by early
clinicalevidence. Data from a novel multi-energy substrate (MESH) formulation, Klario®, demonstrated significantly
improved recovery outcomes (37) compared to glucose-only treatment. Klario® was associated with significantly
improved time-in-range, 27% reduction in recurrent hypoglycemia and improved patient experience in the hours
following hypoglycemia. The study found significant improvements in patient-reported after-effects (fatigue, brain
fog), faster symptom resolution and return to normal daily activities. These findings represent the first clinical
evidence that co-delivering BHB with glucose can provide superior outcomes in hypoglycemia management
compared to glucose alone.

Conclusions

BHB is a natural, efficient energy substrate with well-defined metabolic and neuroprotective effects. Its
ability to support ATP production, reduce oxidative stress, and preserve cognitive function are relevant
for addressing the burden of hypoglycemia in T1D and closing the Recovery Gap.

Data from the MESH formulation, Klario®, support an evolution in the management of hypoglycemia -
moving beyond simple glucose replacement toward comprehensive metabolic support, with the
potential to improve both clinical outcomes and quality of life of individuals with diabetes worldwide.
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