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Abstract  
We have previously shown that induction of ketosis by ketogenic diet (KD) conveyed neuroprotection following spinal cord injury in 
rodent models, however, clinical translation may be limited by the slow raise of ketone levels when applying KD in the acute post-injury 
period. Thus we investigated the use of exogenous ketone supplementation (ketone sodium, KS) combined with ketogenic diet  as a means 
rapidly inducing a metabolic state of ketosis following spinal cord injury in adult rats. In uninjured rats, ketone levels increased more rapid-
ly than those in rats with KD alone and peaked at higher levels than we previously demonstrated for the KD in models of spinal cord injury. 
However, ketone levels in KD + KS treated rats with SCI did not exceed the previously observed levels in rats treated with KD alone. We 
still demonstrated neuroprotective effects of KD + KS treatment that extend our previous neuroprotective observations with KD only. The 
results showed increased neuronal and axonal sparing in the dorsal corticospinal tract. Also, better performance of forelimb motor abilities 
were observed on the Montoya staircase (for testing food pellets reaching) at 4 and 6 weeks post-injury and rearing in a cylinder (for test-
ing forelimb usage) at 6 and 8 weeks post-injury. Taken together, the findings of this study add to the growing body of work demonstrating 
the potential benefits of inducing ketosis following neurotrauma. Ketone salt combined with a ketogenic diet gavage in rats with acute 
spinal cord injury can rapidly increase ketone body levels in the blood and promote motor function recovery. This study was approved by 
the Animal Care Committee of the University of British Columbia (protocol No. A14-350) on August 31, 2015.
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Graphical Abstract   

A combination of ketogenic diet and ketone salt supplement initiated acutely after spinal cord injury 
provides neuroprotection and enhances behavioral recovery
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Introduction 
Despite extensive research efforts, effective strategies for pro-
moting functional improvement after spinal cord injury (SCI) 
remain elusive (Hug and Weidner, 2012; Singh et al., 2014; 
Ahuja et al., 2017). Primary mechanical injury to the spinal 
cord leads to neuron death and axonal tract disruption, as 
well as extensive glial cell loss. Furthermore, secondary inju-
ry mechanisms (e.g., hemorrhage, ischemia, vascular chang-
es, and oxidative damage) propagate damage to initially 
spared tissue, incurring significant losses of potentially func-
tional neural substrates (Oyinbo, 2011; Hilton et al., 2017). 
Thus, neuroprotective strategies that focus on mitigating 
tissue loss from secondary injury by increasing the sparing 
of neurons, axons, and/or glial cells represent promising 
approaches for improving the outcome of SCI (Ahuja et al., 
2016; Hayta and Elden, 2018). 

More recently, diet-based strategies have been investigated 
for their neuroprotective efficacy following neurotrauma 
(Davis et al., 2008; Gomez-Pinilla and Gomez, 2011; Jeong 
et al., 2011; Streijger et al., 2013; Wang et al., 2017; Lu et al., 
2018; McDougall et al., 2018). Of these, among the most 
promising is the ketogenic diet (KD), which has been clini-
cally validated for pediatric intractable epilepsy (Winesett et 
al., 2015). The high-fat, low-carbohydrate intake of the KD 
induces a metabolic state that is characterized by fatty acid 
oxidation and hepatic ketogenesis, which results in elevation 
of plasma ketone levels. Ketone bodies (i.e., β-hydroxy-
butyrate (βHB) and acetoacetate) are metabolized by the 
mitochondria of target tissues to acetyl-coenzyme A, which 
increases adenosine triphosphate yield via an increased 
tricarboxylic acid cycle flux and oxidative phosphorylation 
(Sato et al., 1995; Achanta and Rae, 2017). Ketone bodies 
are metabolized downstream of pyruvate dehydrogenase 
(a rate-limiting enzyme of glycolysis), and are considered a 
more energy-efficient fuel than glucose (Lutas and Yellen, 
2013; Magistretti and Allaman, 2015). In vitro studies have 
shown that ketones reduce neuronal death and prevent 
changes in neuronal membrane properties that are induced 
by glutamate excitotoxicity (Maalouf et al., 2007; Koppel and 
Swerdlow, 2018). Therefore, a reliance on ketone bodies in 
pathological conditions may benefit for many tissue types, 
including the injured spinal cord. 

Several clinical and pre-clinical studies have found evi-
dence for the KD’s neuroprotective effects on several central 
nervous system pathologies, including Alzheimer’s disease 
(Newport et al., 2015), Parkinson’s disease (Shaafi et al., 
2016), amyotrophic lateral sclerosis (Zhao et al., 2006), and 
possibly acute SCI (Yarar-Fisher et al., 2018). Moreover, the 
putative neuroprotective role of ketones has been demon-
strated by improved histological and behavioral outcomes in 
models of traumatic injury to the brain and spinal cord for 
both the KD and every-other-day-fasting regimes (Plunet et 
al., 2008; Jeong et al., 2011; Streijger et al., 2013; Wang et al., 
2017; Lu et al., 2018; Ari et al., 2019). Despite this promising 
evidence, the clinical application of the KD may be limited 
due to the unpalatable nature associated with the require-
ment of high fat ingestion (Kesl et al., 2016). 

Previous work has found that the ketone levels increase 
during the first 12–16 hours after KD onset; however, this 
may miss the critical early period during which ketones are 
most beneficial (Plunet et al., 2010). Therefore, the applica-
tion of exogenous ketone supplements as a means of more 
rapidly increasing ketone levels may provide clearer clinical 
benefits. Recent studies have confirmed the efficacy of ex-
ogenous ketone supplements in inducing a state of ketosis 
(Clarke et al., 2012; Kesl et al., 2016; Stubbs et al., 2017). 
The consumption of drinks containing exogenous ketone 
supplements, such as ketone esters or ketone salts (KSs), has 
been considered as a possible alternative to the KD (Stubbs 
et al., 2017). Therefore, in the current study we investigated 
whether the application of a sodium/potassium βHB mineral 
salt (ketone calcium sodium, sold under the trade name Ke-
toCaNa) combined with the KD following SCI in rats would 
more quickly raise blood ketone levels and confer neuropro-
tective effects.
  
Materials and Methods
Ethics statement
All procedures performed in this study were approved by 
the Animal Care Committee of the University of British 
Columbia (protocol No. A14-350) on August 31, 2015, in 
accordance with the guidelines established by the Canadian 
Council for Animal Care. Investigators were blinded to the 
treatment group of the animals during surgery, as well as for 
all behavioral and histological assessments. 

Animals
Forty-nine young adult male Sprague-Dawley rats (weighing 
~350 g, aged 3–4 months; Charles River Breeding Labora-
tory; Wilmington, MA, USA) were used. Among these, 15 
rats were included in the initial experiment (no injury). The 
remaining 34 rats were included in the second experiment 
(spinal cord injury). Animals were group-housed (up to 4 
animals per cage) in standard rat housing cages in a 12-hour 
dark/light cycle and had ad libitum access to standard rodent 
food and water prior to the injury. 

SCI model establishment
Animals were subjected to a C5 cervical hemi-contusion 
SCI, as described previously (Lee et al., 2012). Briefly, a uni-
lateral C5 laminectomy was performed to expose the cervi-
cal spinal cord, followed by affixing of the dorsal processes of 
C4–6 with a custom designed clamp rigidly fixed at a 22.5° 
angle (with respect to the horizon). The exposed spinal cord 
was then subjected to a hemi-contusion injury using the In-
finite Horizons impactor device (Precision Systems & Instru-
mentation, Lexington, KY, USA), which was set to deliver a 
moderately severe injury (force: 150 kdyne; impact velocity: 
100 m/s). The injury was performed on the animal’s pre-
ferred side as determined by pre-injury behavioral screening 
with the Montoya staircase pellet reaching task.

KD + KS intervention
To induce a metabolic state of ketosis, animals in the KD + 
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KS treatment group were fed with KD (F5848; paste; Bio-
Serv; Frenchtown, NJ, USA) supplemented with ketone salt 
(calcium/sodium βHB mineral salt; 1000–1500 mg βHB; 
sold under the trade name KetoCaNa by KetoSports, Urba-
na, IL, USA; intragastric administration) starting at 3 hours 
post-injury and delivered at 12-hour intervals for 4 days 
post-injury. Note that KD was continued for the entire ex-
priment (Additional Figure 1). The calcium/sodium βHB 
mineral salt used contains a high proportion of βHB (61.5% 
w/w), and is sold as a supplement for high-demand physical 
activities (Cox et al., 2016). Control animals were provided 
ad libitum access to standard rodent food and water, and 
received an equal volume of vehicle (water; intragastric 
administration) at the same dosing intervals (Additional 
Figure 1). For the feasibility study, non-injured animals were 
randomly assigned to a control group, KD group, or KD + 
KS group (n = 5 per group). Ketone levels in blood samples 
obtained through tail vein puncture were measured in the 
morning (for baseline) and at 1 or 4 hours after oral gavage 
using a βHB concentration monitor (Abbott Laboratories; 
Lake Bluff, IL, USA).

Behavioral assessment 
Behavioral assessments were performed at 2, 4, 6, and 8 
weeks post-injury to assess functional improvement (com-
pared to pre-injury baselines). As described previously 
(Montoya et al., 1991; Nikkhah et al., 1998), the Montoya 
staircase reaching task was used to assess forepaw grasping 
ability. Briefly, animals were fasted for 21 hours (to increase 
motivation) prior to placement in the staircase apparatus for 
15 minutes. The number of pellets eaten using the ipsilateral 
and contralateral paw was recorded and used as a proxy of 
forelimb grasping ability. Pellets were color-coded according 
to the level of the staircase to distinguish between misplaced 
and remaining pellets. The reaching score (%) was calculated 
as the number of pellets eaten divided by the total number 
of pellets. As described previously (Schallert et al., 2000; 
Hilton et al., 2013; Streijger et al., 2013), cylinder rearing was 
used to assess forelimb usage. Briefly, animals were placed 
in a Plexiglas® cylinder (Bristol, PA, USA) for 15 minutes. 
During rearing motion (i.e., vertical exploration of the cylin-
der with the forepaws), use of the ipsilateral and contralater-
al paw was recorded. The percent of ipsilateral and dual limb 
use was calculated based on the number of times the ipsilat-
eral limb was used for both initial and subsequent rearing 
events over a total of 20 independent rears.

Tissue processing
At the experimental endpoint, animals were sacrificed by an 
overdose of chloral hydrate (100 mg/kg, intraperitoneal in-
jection) and were transcardially perfused with PBS, followed 
by 4% paraformaldehyde fixative solution. Once fixed, cervi-
cal spinal cord tissue (~C2–8) was harvested, post-fixed in 4% 
paraformaldehyde overnight, then cryoprotected in subse-
quent 12%, 18%, and 24% sucrose solutions. Tissue samples 
were then frozen over dry ice in Tissue-Tek® optimal cutting 
temperature embedding medium (Sakura Finetek USA Inc., 

Torrance, CA, USA) and stored at –80°C until further pro-
cessing. Spinal cord cross-sections were cut using a cryostat 
at a 20-µm thickness.

Immunohistochemistry 
Spinal cord tissue sections were stained using established 
immunohistochemical methods. Briefly, delipidation was 
initially performed on thawed spinal cord sections via a 
step-wise series of ethanol solutions of increasing and de-
creasing concentrations (50, 70, 90, 100, 90, 70, and 50% for 
2 minutes each). Slides were then incubated with 10% nor-
mal donkey serum (NDS) (in 0.01 M PBS with 0.1% Triton 
X-100) for 30 minutes, followed by overnight application 
(~14–16 hours) of primary antibodies at room temperature. 
Primary antibodies used in the current study included guin-
ea pig anti-NeuN for neuron labeling (1:500; Cat #ABN90P; 
Millipore, Badford, MA, USA), rabbit anti-glial fibrillary 
acidic protein for astrocyte labeling (1:1000; Cat #AB5541; 
Chemicon, Badford, MA, USA), mouse anti-βIII tubulin 
for tubulin labeling (1:1000; Cat #T8660; Sigma, St. Louis, 
MO, USA), mouse anti-SMI-312 for neurofilament labeling 
(1:1000; Cat #SMI-31R; Biolegend, San Diego, CA, USA), 
and chicken anti-myelin basic protein (MBP) for myelin 
sheath labeling (1:200; Cat #MBP; AvesLabs, Tigard, OR, 
USA). Following washing, secondary antibodies raised in 
donkey and conjugated to Alexa fluorophores (405, 488, 594, 
and/or 647 nm) (all in 1:200; Jackson ImmunoResearch, 
West Grove, PA, USA) were applied to the tissue sections for 
2 hours at room temperature. For the white matter sparing 
analysis, spinal cord sections were also stained with erio-
chrome cyanine , following established protocols. 

For the tissue sparing analysis, eriochrome cyanine stain-
ing was visualized using a Zeiss Axiophot2 microscope 
(Carl Zeiss; Oberkochen, Germany) with a 10× objective on 
cross-sections ranging from 2.4 mm rostral and caudal to the 
lesion epicenter (i.e., the location at which there was the least 
amount of spared white matter) at intervals of 0.4 mm. Cap-
tured images were then analyzed by manually tracing and 
measuring the area of white and gray matter using SigmaS-
can Pro version 5.0 (Systat Software Inc., Chicago, IL, USA). 
Briefly, the spared white matter (determined independently 
by trained volunteer students) of the injured spinal cord 
were normalized to the contralateral side of the same section 
to obtain the index of spared myelin area. Immunofluores-
cence of antigen-bound secondary antibodies was visualized 
using a Zeiss Axio Observer Z1 confocal microscope (Carl 
Zeiss) (axon/myelinated axons: Plan-Apochromat 63× oil 
NA 1.4; gray matter neurons: Plan-Apochromat 40× oil NA 
1.4) equipped with a Yokogawa X-1 spinning disk (Yokogawa; 
Tokyo, Japan). To ensure consistency, brightness and con-
trast were kept constant for all images for any given analysis. 
For the assessment of neuronal sparing (Chen et al., 2016), 
two boxes were placed in the ventral (200 μm × 200 μm) and 
dorsal (200 μm × 200 μm) horn, respectively (Additional 
Figure 2A). The density of axons and myelinated axons were 
assessed in three boxes (50 μm × 50 μm) placed in the dorsal 
corticospinal tract, lateral white matter next to the dorsal 
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horn, and the ventral white matter medial from the ventral 
nerve root (Additional Figure 2B). To account for variabili-
ty between animals, the numbers of spared neurons (NeuN+), 
axons (SMI-312+, β-III tubulin+), and myelinated axons (ax-
ons surrounded by MBP+ sheaths) were normalized to the 
contralateral side of the same cross-section (presented as an 
index/percentages) (Additional Figure 2).

Statistical analysis
All data are presented as the mean ± standard error (SEM). 
Between-group differences were assessed using a two-way 
analysis of variance followed by Tukey’s post hoc test or by 
two-tailed unpaired Student’s t-tests. For all statistical anal-
yses, P < 0.05 was considered to be statistically significant. 
GraphPad Prism Version 6.0 (GraphPad Software, San Di-
ego, CA, USA) was used for all analyses.

Results
Exogenous KS supplementation raises blood ketone levels 
above those of KD in uninjured rats
To test if KS combined with the KD would increase ketone 
levels to a greater degree than the KD alone, we performed 
an initial study in uninjured rats. Baseline βHB levels were 
not different between the control, KD, and KD + KS groups 
(Figure 1). At 1 hour after the first gavage of KS, there were 
no differences in blood ketone levels between KD and KD 
+ KS groups. However, 25 hours after starting the KD, both 
the KD and KD + KS groups had higher ketone levels than 
the control group, and the KD + KS group had significantly 
higher levels than the KD group (P < 0.05; Figure 1). We ob-
served similar differences at 49 hours after starting the KD 
(P < 0.05). Given that the KD + KS group had significantly 
higher ketone levels than both the control and KD groups, 
we investigated whether KD + KS treatment would further 
increase ketone levels after SCI.

KS supplementation does not elicit a sustained further 
increase in ketone levels above those in KD-fed rats after 
SCI
Blood βHB levels measured 1 hour after the initial gavage 
(4 hours post-injury) failed to reveal a significant increase 
above control levels (P > 0.05). Similarly, no significant 
difference was observed 13 hours post-injury, with blood 
βHB levels increasing slightly in both groups (P > 0.05; 
Figure 2B). βHB levels measured at 36 hours post-injury 
revealed non-significantly elevated levels of βHB in the KD 
+ KS group prior to gavage (P = 0.23; two-tailed Student’s 
t-test) and a significant difference at 4 hours post-gavage 
(40 hours post-injury) (P < 0.05; two-tailed Student’s t-test; 
Figure 2A–C). As expected, the KD + KS treatment induced 
a long-lasting state of ketosis, with blood βHB increasing 
above control levels as early as 1 day post-injury, peaking 
at 1 week post-injury, and remaining elevated for at least 6 
weeks post-injury (Figure 2D). However, in the acute phase 
after SCI, supplementation with KS via an oral gavage (in 
combination with KD) did not appear to elicit a prolonged 
further increase in ketone levels; the levels were comparable 

to those seen after KD only in the uninjured rats (Figure 
1) and to those observed in our previous results in animals 
that received only a KD after SCI (Streijger et al., 2013). This 
could be attributed to an increased ketone body metabolism 
after injury. We therefore tested whether the KD + KS regi-
men had neuroprotective effects after SCI.

KD + KS improves forelimb motor performance in SCI rats
Animals in the KD + KS + SCI group displayed a significantly 
improved performance on the Montoya staircase test (con-
sidered an effective assessment of forelimb extension and 
grasping skills) as compared to SCI rats at 4 weeks (P = 0.002; 
two-tailed Student’s t-test) and 6 weeks post injury (P = 0.048; 
two-tailed Student’s t-test), which is indicative of an improved 
forelimb dexterity (Figure 3A). Furthermore, usage prefer-
ence of the affected forelimb (as measured by the cylinder 
rearing test) was also significantly increased in the KD + KS 
+ SCI group versus SCI rats at 6 weeks (P = 0.02; two-tailed 
Student’s t-test) and 8 weeks post injury (P = 0.01; two-tailed 
Student’s t-test) as compared to SCI rats (Figure 3B).

No effect of KD + KS on white matter sparing in SCI rats
Despite previous reports of enhanced tissue sparing in KD 
models (Streijger et al., 2013), we did not observe a differ-
ence in the spared white matter area, as visualized using 
eriochrome cyanine staining (P > 0.05; two-tailed Student’s 
t-test; Figure 4). However, this method fails to discrimi-
nate intact versus degenerated myelin, which is not rapidly 
cleared and remains for some time in the injured spinal cord.

KD + KS increases neuronal and axonal survival in the 
spinal cord of SCI rats
Increased neuronal sparing, as revealed by the number of 
NeuN+ cells, was observed at 2.4 mm rostral to the lesion 
epicenter in the KD + KS + SCI group as compared to SCI 
rats (P = 0.01; two-tailed Student’s t-test; Figure 5). No sig-
nificant between-group differences were found in the dorsal 
horn. As expected, many axonal tracts ipsilateral to the 
injury displayed signs of degeneration (i.e., small cavitation 
and myelin debris), which were largely absent from the con-
tralateral side (Figure 6A). Assessment of axonal number 
revealed a significantly higher axonal density in the dorsal 
corticospinal tract of the KD + KS + SCI group compared to 
the SCI group (P = 0.004; two-tailed Student’s t-test; Figure 
6B), which indicates an axonal sparing effect. Quantification 
of myelinated axon density revealed a similar increase in 
the KD + KS + SCI group (P = 0.007; two-tailed Student’s 
t-test; Figure 6C). The specific skilled voluntary movements 
assessed by the Montoya staircase and cylinder reaching task 
are influenced by corticospinal projections and motor neu-
rons in the ventral horn (Hilton et al., 2016); therefore, our 
histological and behavioral results are consistent with a focal 
sparing of these populations.

Discussion
In the current study, we first demonstrated that exogenous 
ketone supplementation raises blood ketone levels more 
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Figure 5 The effect of ketone salt combined with the ketogenic diet on neuronal sparing in the spinal cord of spinal cord injury rats. 
(A, B) NeuN+ cell quantification in the ventral (A) and dorsal horn (B)  in the KD + KS + SCI (gray; n = 11) and SCI groups (black; n = 14) at var-
ious distances rostral-caudal from the lesion epicenter 8 weeks post-injury. NeuN+ cell counts (index) were normalized to the contralateral side. 
Data are expressed as the mean ± SEM (n = 5 per group). †P < 0.05, vs. SCI group (two-tailed unpaired Student’s t-tests).

  IPS                                                                                                   CON

  Ven                             Lat                             dCST                             Ven                             Lat                             dCST

1.0

0.8

0.6

0.4

0.2

0

In
de

x 
of

 a
ffe

ct
ed

 
si

de
/u

na
ffe

ct
ed

 s
id

e

 K
D

+K
S

+S
C

I  
   

   
   

   
   

   
  S

C
I

1.0

0.8

0.6

0.4

0.2

0

In
de

x 
of

 a
ffe

ct
ed

 
si

de
/u

na
ffe

ct
ed

 s
id

e

SCI
KD+KS+SCI

SCI
KD+KS+SCI

Axons Myelinated axons

Ventral      Lateral         dCSTVentral      Lateral         dCST

†

†

A

B C
Axon/Myelin

Figure 6 The effect of ketone salt 
combined with the ketogenic diet 
on axonal sparing in spinal cord of 
spinal cord injury rats. 
(A) Representative images of spinal 
cord tissue 2.5 mm caudal to the 
epicenter immunostained for axons 
(β-tubulin III and SMI-312; green) 
and myelin (MBP; red) 8 weeks 
post-injury, both ipsilateral (IPS) and 
contralateral (CON) to injury. Yellow 
arrows indicate examples of myelin-
ated axons. Gray arrows indicate ex-
amples of putative myelin debris. Bar 
scale: 20 μm. (B, C) Quantification of 
axons (B) and myelinated axons (C) 
in the KD + KS + SCI (black; n = 12) 
and SCI groups (gray; n = 12) 8 weeks 
post-injury in the dorsal corticospinal 
tract (dCST), lateral white matter 
(Lat), and ventral white matter (Ven). 
Numbers were normalized to the 
contralateral side (index). Data are 
expressed as the mean ± SEM (n = 5 
per group). †P < 0.05, vs. SCI group 
(two-tailed unpaired Student’s t-tests). 
MBP: Myelin basic protein.

than the KD alone in uninjured animals. However, after SCI, 
exogenous KS supplementation did not have a pronounced 
prolonged effect on ketone levels, which is indicative of a fast 
usage of ketone bodies after injury. Nonetheless, we success-
fully induced higher ketone levels as early as 1 day after in-
jury with KD + KS treatment. Importantly, we observed im-
proved functional recovery of the forelimb, neuronal survival 
in the ventral horn, as well as axonal sparing in the dorsal 
corticospinal tract. This tract plays a role in skilled forelimb 
movement (Wang et al., 2017), and, collectively, our results 
highlight the therapeutic potential of a combined dosing reg-
imen of KS and KD during the first 4 days following SCI. 

Several potential mechanisms have been proposed to 
explain the neuroprotective effects of promoting a state of 
ketosis (through the KD, medium-chain triglyceride diet, or 
fasting) (Maalouf et al., 2009; Levy et al., 2012; Gano et al., 
2014). Increased levels of ketones in the blood are known 
to enhance metabolic and mitochondrial functions. For ex-
ample, mitochondrial breakdown of βHB alters the NAD+/
NADH and ubiquinon/ubiquinol ratios and increases the 
redox span between complex I and complex II of the elec-
tron transport chain, which reduces production of reactive 
oxygen species (Gano et al., 2014). Alternatively, KD has 

also been proposed to mitigate excitotoxic damage to neu-
rons (Levy et al., 2012; Lutas and Yellen, 2013; Wang et al., 
2018). Indeed, both acetoacetate and βHB have been shown 
to reduce spontaneous neuronal firing in brain slice cultures 
through regulation of KATP channels (Ma et al., 2007) and 
through inhibition of the vesicular glutamate uptake trans-
porter by acetoacetate (Juge et al., 2010). Recently, Wang 
and colleagues demonstrated that KD activates autophagic 
pathways and reduces brain injury during PTZ-kindled 
seizures. This effect of KD is likely exerted via a reduction 
of mitochondrial cytochrome C release (Wang et al., 2018). 
Additionally, ketones may directly regulate intracellular 
molecular pathways. Using a focal ischemia model, Pucho-
wicz and coworkers reported 3-fold increases in hypoxia 
inducible factor-1α and Bcl-2 (anti-apoptotic) protein levels 
in diet-induced ketotic animals (Puchowicz et al., 2008). Lu 
and colleagues (Lu et al., 2018) found that KD attenuates ox-
idative stress and inflammation after SCI by activating Nrf2 
and suppressing the nuclear factor-κB signaling pathways. 
Finally, the anti-oxidative stress effects of ketones might oc-
cur through histone deacetylase inhibition, as demonstrated 
in a kidney oxidative stress injury (Shimazu et al., 2013).

In previous work, we found that the neuroprotective ef-
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fects of KD partially depend on monocarboxylate transport-
ers, whereby monocarboxylate transporter inhibition via 
α-cyano-4-hydroxycinnamate attenuated KD-induced tissue 
sparing following SCI (Streijger et al., 2013). Furthermore, 
Rahman and colleagues reported that the hydrox-yl-carbox-
ylic acid receptor 2 (HCA2) is required for the βHB-mediat-
ed neuroprotection in a stroke model (as the effect was lost 
in HCA2–/– animals) (Rahman et al., 2014). This receptor 
is expressed on microglial cells and a variety of monocytes 
(Offermanns and Schwaninger, 2015). Activation of HCA2 
receptors has been found to occur with an eriochrome cy-
anine of 0.7 mM βHB, which is easily attained in nutritional 
ketosis, and this induces a protective monocyte phenotype 
involving prostaglandin D2 production and inhibition of 
nuclear factor-κB (Rahman et al., 2014). In addition, there 
is evidence for a regulatory role of βHB on inflammatory 
cells through suppression of the NOD-, LRR-, and pyrin do-
main-containing protein 3 inflammasome, which is a multi-
protein complex that stimulates pro-inflammatory cytokine 
production (Walsh et al., 2014; Youm et al., 2015). This 
suppression was recently demonstrated to occur at concen-
trations of several mM and is independent of glycolytic in-
hibition, tricarboxylic acid cycle flux, uncoupling protein-2 
(UCP2), and HCA2 activation (Achanta and Rae, 2017).

Previous studies have demonstrated the potential for the 
KD to be used as a treatment for neurodegenerative diseases 
(e.g., Alzheimer disease and Parkinson’s disease) (Gano et 
al., 2014; Pilla, 2018); however, the unpalatability of the diet 
remains a major hurdle for clinical translation. Therefore, de-
velopment of ketone supplements that are capable of inducing 
sustained therapeutic ketosis without the need to adhere to a 
strict high-fat, low-carbohydrate diet would be of significant 
interest. However, the high salt concentration of KS formu-
lations could limit the amounts tolerated. This drawback of 
ketone sodium could be overcome by using other ketone sup-
plements, such as 1,3-butanediol and 1,3-butanediol acetoac-
etate diesters (Newport et al., 2015; Kesl et al., 2016; Murray 
et al., 2016; Stubbs et al., 2017). Kesl et al. (2016) reported that 
chronic administration of these supplements could induce a 
state of “nutritional” ketosis, even under a normal non-KD 
diet. Furthermore, some studies have shown that blood ke-
tone levels are increased by oral ketone ester ((R)-3-hydroxy-
butyl and (R)-3-hydroxybutyrate) administration, which was 
associated with enhanced physical and cognitive performance 
(Murray et al., 2016; Stubbs et al., 2017). The current study 
showed that exogenous ketone supplementation raised blood 
ketone levels above those induced by the KD alone in unin-
jured animals. However, the ketone level elevation was not 
completely repeatable in SCI rats, which is indicative of a fast 
metabolism of ketone bodies after injury. Similarly, clinical 
observations have revealed hypermetabolism in the acute 
stage in patients with central nervous system trauma. One 
of the main metabolic changes in response to injury is the 
development of insulin resistance, and free fatty acids are con-
sidered as the primary sources of energy (Şimşek et al., 2014). 
Therefore, KS administration via an oral gavage might not 
elicit a prolonged, further increase of blood ketone levels.

Consistent with findings of a neuroprotective effect of 
ketosis, we observed an increased sparing of ventral horn 
neurons and dorsal corticospinal tract axons in the KD + 
KS group. Importantly, these histological results were con-
sistent with the behavioral improvements observed, as the 
dorsal corticospinal tract is required for skilled forelimb 
behaviors, which we tested using the Montoya staircase test. 
However, we did not observe a significant effect on white 
matter sparing. This may be due to the non-specific nature 
of eriochrome cyanine staining (which is a general lipophilic 
dye), which means that the difference between intact myelin 
sheaths and myelin debris cannot be effectively discerned. 
This interpretation is supported by our observation of an 
increased number of myelinated axons in the dorsal cortico-
spinal tract in the KD + KS group. 

Several limitations of this study should be noted. First, we 
only demonstrated the protective effects of the combined 
strategy, and did not include a comparison with KD or KS 
alone. Second, the molecular mechanisms underlying the 
protective effect observed were not investigated. Third, new 
exogenous ketone supplementation, such as ketone ester, 
could be taken into account in the current research, as KS 
has limited effects on blood ketone levels.

Taken together, our results demonstrate that a combi-
nation of KD and KS supplement initiated soon after SCI 
provides neuroprotection and enhances behavioral recovery. 
This work adds to research demonstrating the efficacy of in-
ducing ketosis to promote neuroprotection.
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Additional Figure 1 Experiment design (upper) and time line (lower).
G: gavage.



Additional Figure 2 Schema of how NeuN+ cells index (A) and axon index (B) analysis was performed.
The frames are the region of interests to show where the boxes were placed. The axon index and the myelinated axon index shared the
same analysis box. Scale bars: 500 μm. dCST: dorsal corticospinal tract; GFAP: glial fibrillary acidic protein.


