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Summary
Background Infantile spasms syndrome (IS) is a type of epilepsy affecting 1.6 to 4.5 per 10,000 children in the first
year of life, often with severe lifelong neurodevelopmental consequences. Only two first-line pharmacological treat-
ments currently exist for IS and many children are refractory to these therapies. In such cases, children are treated
with the ketogenic diet (KD). While effective in reducing seizures, the diet can result in dyslipidemia over time.

Methods Employing a neonatal Sprague-Dawley rat model of IS, we investigated how the KD affects hepatic steato-
sis and its modulation by a defined probiotic blend. A combination of multiple readouts, including malondialdehyde,
fatty acid profiles, lipid metabolism-related enzyme mRNA expression, mitochondrial function, histone deacetylase
activity, cytokines and chemokines were evaluated using liver homogenates.

Findings The KD reduced seizures, but resulted in severe hepatic steatosis, characterized by a white liver, triglycer-
ide accumulation, elevated malondialdehyde, polyunsaturated fatty acids and lower acyl-carnitines compared to ani-
mals fed a control diet. The KD-induced metabolic phenotype was prevented by the co-administration of a blend of
Streptococcus thermophilus HA-110 and Lactococcus lactis subsp. lactis HA-136. This probiotic blend protected the liver
by elevating pAMPK-mediated signaling and promoting lipid oxidation. The strains further upregulated the expres-
sion of caspase 1 and interleukin 18, which may contribute to their hepatoprotective effect in this model.

Interpretation Our results suggest that early intervention with probiotics could be considered as an approach to
reduce the risk of hepatic side effects of the KD in children who are on the diet for medically indicated reasons.

Funding This study was funded by the Alberta Children’s Hospital Research Institute and Mitacs Accelerate Pro-
gram (IT16942).
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Introduction
Infantile spasms syndrome (IS), also known as West
Syndrome, is a developmental epileptic encephalopathy
syndrome characterized by epileptic spasms, hypsar-
rhythmia, and cognitive arrest or regression. Typically
occurring in the first three years of life, spasms
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(seizures) often occur upon waking and in clusters, and
some children can experience hundreds of seizures per
day. Disease mortality is in the range of 30% of affected
cases.1�3 In surviving cases, the condition is devastating
to families and has important clinical implications
because of frequent recurrences, risk for developing
future epilepsy, developmental delay, autism and life-
long debilitation.4 First-line intervention for IS is phar-
macological treatment. However, a significant number
of IS cases (30�40%) are refractory to pharmacological
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Research in context

Evidence before this study

The ketogenic diet refers to a diet that is low in carbohy-
drate, modest in protein and high in fat. It aims to
induce the production of ketone bodies that serve as an
alternate energy source in the body for tissues that do
not directly metabolize fatty acids. Clinically, the very-
low-carbohydrate ketogenic diet is successfully used
worldwide to treat epilepsy in those individuals unre-
sponsive to drug treatment. It is highly effective in this
regard, with more than half of children with pediatric
epilepsy achieving a reduction in seizures of at least
50% following 6 months of treatment. While the keto-
genic diet is useful in controlling seizures, poor diet
quality and the high fat content of the diet can have
negative implications for normal human growth and
development including dyslipidemia and hepatic stea-
tosis. As such, treatments to mitigate these potentially
negative side effects are urgently needed.

Added value of this study

In this study, we examine a specific subtype of pediatric
epilepsy called infantile spasms syndrome. We employ
a validated model of infantile spasms syndrome in
rodents to determine how the ketogenic diet affects
hepatic steatosis and its modulation by a defined probi-
otic blend. Our rat model not only mimics infantile
spasms, but also successfully recapitulates the neurode-
velopmental deficits and neuropathology observed in
children with the condition. Following seizure induction,
we treated animals with the ketogenic diet with and
without probiotics. Results showed that the ketogenic
diet induced severe hepatic steatosis, characterized by
a white liver, triglyceride accumulation, elevated malon-
dialdehyde, polyunsaturated fatty acids and lower acyl-
carnitines compared to animals fed a control diet. The
ketogenic diet induced metabolic phenotype was pre-
vented by the co-administration of a blend of Strepto-
coccus thermophilus HA-110 and Lactococcus lactis
subsp. lactis HA-136. This probiotic blend protected the
liver by elevating pAMPK-mediated signaling and pro-
moting lipid oxidation.

Implications of all available evidence

The data presented here help to understand the detri-
mental impacts of the ketogenic diet on the liver. Our
results also suggest that early intervention with probiot-
ics could be considered as an approach to reduce the
risk of hepatic side effects in children with epilepsy and
other metabolic disorders treated with ketogenic diet.
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treatment while rates of relapse are as high as 50% fol-
lowing initial positive responses.5�7 Furthermore, phar-
macological treatment has significant side effects that
are exaggerated in young children due to their early
developmental stage and their rapid rates of growth.8 In
these cases, clinicians turn to the ketogenic diet (KD), a
high-fat, low-carbohydrate, normal protein diet to con-
trol seizures. Administered as a formula to infants, pro-
spective studies show that the KD is equally as effective
as adrenocorticotropic hormone (ACTH),9 a common
IS medication. Likewise, a multicenter retrospective
study examining the KD showed it to be effective in 55%
of children with pediatric epilepsy, achieving a reduc-
tion in seizures of at least 50% following 6 months of
treatment.10

While the KD is effective in controlling seizures, it
has negative implications for normal human growth
and development, especially in children. In particular,
dyslipidemia has been reported, varying from 16% (17/
104)11 to 30% (16/53)9, among IS patients after KD initi-
ation. Dyslipidemia was further ranked first amongst
the side effects following KD therapy at a ratio of 12%
(20/171) in infants with drug-resistant epilepsy.12 Hepa-
tosteatosis and cholelithiasis have also been reported in
older children.13 With the increasing therapeutic appli-
cation of the KD for a variety of neurodevelopmental
and metabolic conditions,14,15 understanding how the
diet alters liver metabolism is of great relevance for dis-
secting and ameliorating the potential side effects of the
KD, especially during early childhood.

One potential approach to mitigate dyslipidemia and
hepatosteatosis with the KD involves the administration
of probiotics. Probiotics are live microorganisms that,
when administered in adequate amounts, confer a
health benefit to the host.16 Administration of probiotics
reduces lipid accumulation and hepatic steatosis in
mice17, and enhances lipid metabolism by decreasing
triglyceride accumulation and limiting oxidative dam-
age in adult rats18 following high-fat diet administra-
tion. Whether probiotic inclusion affects the clinical
(e.g. seizure reduction) and metabolic (e.g. dyslipide-
mia, hepatosteatosis) outcomes in IS is not known.
Given this, the purpose of the present study was to
examine the impact of a probiotic blend on liver metabo-
lism in KD-fed epileptic neonatal rats, using a well-
established infant model of symptomatic IS.19 This
model mimics many neurodevelopmental features of IS
and provides liver accessibility otherwise inaccessible in
infants. We hypothesized that the probiotics may pro-
tect the neonatal liver from side effects related to lipid
metabolism following KD treatment.
Methods

Animals and bacteria strains
The IS model was established using neonatal Sprague-
Dawley rats as previously reported.19 All experimental
procedures were approved by the Health Sciences Ani-
mal Care Committee of University of Calgary in accor-
dance with the guidelines set forth by the Canadian
Council on Animal Care. Male and female neonatal
Sprague-Dawley rats were obtained from Sprague
www.thelancet.com Vol 76 Month February, 2022
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Dawley females (Charles River Laboratories, Wilming-
ton, MA) bred in house. Briefly, at postnatal day (P) 4,
neonatal rats were positioned in a stereotaxic apparatus
for neonatal rat surgery (Benchmark Angle One,
MyNeurolab.com, St. Louis MO). After hypothermia
anesthesia, doxorubicin was injected into the right lat-
eral ventricle at 5 µg/2.5µL, and lipopolysaccharide into
the right parietal cortex at 3 µg/1.5µL. The coordinates
used were as follows: doxorubicin, 2.68 mm anterior to
lambda, 1.1 mm lateral to sagittal suture, 3.3 mm deep;
lipopolysaccharide, 2.55 mm anterior to lambda, 1 mm
lateral to sagittal suture, 1.7 mm deep. Animals were
individually placed in beakers warmed in one water
bath (45 °C) and filled with bedding material (31�33 °C).
At P5 morning, animals were injected with 200 mg/kg
p-chlorophenylalanine (PCPA) i.p. to induce infantile
spasms. Neonatal rats were randomly allocated to differ-
ent dietary treatments based on body weight and contin-
uously fed either a control milk diet (CD, 1.7:1 ratio, fats
: carbohydrate + protein) or the isocaloric ketogenic diet
(KD, 4:1 ratio) from P4 to P8. Milk composition has
been previously described20. The milk was delivered
continuously through cheek cannulas connected to a
time-controlled infusion pump via polyethylene 10 tube
(KD Scientific Inc., MA, USA). To ensure comparable
growth between groups, the infusion rate of milk was
calculated daily based on the average body weight per
group. Rats fed the same type of milk had equal content
of intake, regardless of with or without probiotics. Loss
of body weight < 20%, abdominal distension, and/or
an infection at the incision site that prevents us from
suturing were assumed a humane endpoint. Rats meet-
ing the humane endpoint or dying due to the surgery
were excluded from the study. Treatment and measure-
ments were performed at the same time of experimental
endpoints and in a random order to minimize potential
confounders.

Two commercial probiotics, Streptococcus thermophi-
lus HA-110 and Lactococcus lactis subsp. lactis HA-136,
were provided by Lallemand Health Solutions (Mon-
treal, QC, Canada). The blend was chosen based on the
previous finding that the KD could effectively reduce
spasms frequency20 as well as increase relative abun-
dances of Streptococcus thermophilus and Lactococcus lac-
tis species compared to the control diet.52 These strains
are also documented psychobiotics, known to influence
behaviour and neural activity.21,22 The purified powders
were freshly rehydrated immediately before gavage in
double-distilled water at 1010 colony-forming units per
mL (S. thermophilus:L. lactis = 5:1, based on the their
abundance in feces as observed in lab analysis). A total
of 100 µL with 109 colony-forming units/dose was
gavage-fed to each animal starting at the evening at P4
and each morning from P5 to P8. This limited experi-
mental time frame was chosen due to ethical reasons
including the highly invasive nature of the surgery and
its severe developmental consequences in animals. It is
www.thelancet.com Vol 76 Month February, 2022
also a period when animals experience a high rate of
seizures and when the anti-seizure impacts of the KD
mimic what is observed in children with seizure reduc-
tions in the range of 50%.20 The CD and KD groups
were gavaged with an equivalent volume of double dis-
tilled water. The resulting experimental groups were as
follows: control diet (CD), control diet + probiotics
(CD + Pro), ketogenic diet (KD), and ketogenic diet
+probiotics (KD + Pro). At P8, liver was collected, flash-
frozen and stored at �80 °C for further analysis. All
experiments were performed with the aim to keep ani-
mal pain, stress and numbers to a minimum as stated
in our ethics approval.
Seizure quantification
Spasms (seizures) were characterized by rapid extension
and flexion movements and were recorded in a blind
manner using a video-system with Sirenia software
(Pinnacle Technology, Lawrence, KS, USA) following
published methods.19 Raw seizure data have been sub-
mitted for publication elsewhere and is shown here as a
frame of reference for the novel data related to dyslipide-
mia and hepatosteatosis.52 As such, data is reported as a
seizure score, calculated as the percentage of change rel-
ative to the CD group.
Fecal microbiome profiling
Fecal genomic DNA was extracted using the FastDNA�

SPIN Kit for Feces (MP Biomedicals, Santa Ana, CA)
and quantified using a high-sensitivity dsDNA Qubit
Kit (Invitrogen, Carlsbad, CA, USA). The DNA library
construction and sequencing were performed on an
Illumina MiSeq platform with the MiSeq V3 600 cycle
sequencing kit in the Core DNA facility at the Univer-
sity of Calgary. The sequence demultiplexing and
removal of indices were performed using the bacterial
metagenomics workflow in the MiSeq Reporter soft-
ware (Illumina). Sequences were then processed with
Mothur Version 1.35.1 following the online MiSeq stan-
dard operating procedure.23 Reads with exact barcode
matching, two nucleotide mismatch in primer match-
ing or containing ambiguous characters were removed.
Very low abundant features were filtered using default
options; minimum count 4 and low-count filter based
on 20% prevalence in samples. To adjust for even
sequencing depth, the numbers of sequences were rare-
fied to the same amount as the minimum number of
sequence detected. Operational taxonomic units (OTUs)
were clustered based on a 97% sequence similarity
against Greengenes 13_5 database. The relative abun-
dance per OTU was calculated for statistical analysis.
Differences between CD versus CD + Pro or KD versus
KD + Pro were analyzed with Mann-Whitney U test.
The sequencing data is available under PRJNA795716
within NCBI Sequence Read Archive.
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Biochemical assay
Measurements of hepatic triglyceride (Cat. 10010303)
and malondialdehyde (Cat. 700870) were performed
according to the manufacturer's instructions (Cayman
Chemical Company, Ann Arbor, MI).
Metabolic fingerprinting with LC-QTOF-MS
Liver tissues (20 mg) were weighted and added into
200 mL cold methanol:water (2:1, LC/MS grade) for
metabolite analysis. Purine was used as internal stan-
dard. Analyses of carnitines and fatty acids were con-
ducted using an Agilent 6550 iFunnel HPLC Q-TOF
MS system (Agilent, Santa Clara, CA, USA), following
the previous report for positive24 and negative mode.25

Metabolite separation was performed on an ACQUITY
UPLC HSS T3 column. Spectra were acquired over the
mass range m/z 50�1000 at acquisition rate 3 spectra
s-1. Reference ions for internal MS correction were
introduced via the other sprayer and appear per spectra.
Raw data were converted to mzXML format by Proteo-
Wizard 3.0 package and uploaded to XCMS online
(https://xcmsonline.scripps.edu/).26 Metabolites were
identified against METLIN (https://metlin.scripps.edu)
and Human Metabolome Database (http://www.hmdb.
ca/). Data were normalized with internal standard, QC
samples, and log-transformed for statistical analysis. A
partial least squares discriminant analysis was per-
formed using SIMCA 13.0 (Umetrics, Umea, Sweden).
A radar plot was visualized using SigmaPlot version
14.0 software (Systat Software San Jose, CA).
RT-qPCR
RT-qPCR was performed as previously described.27,28

Briefly, Total mRNA and DNA were extracted from the
liver tissues using the AllPrep DNA/RNA mini kit, in
accordance with the manufacturer’s protocol (Cat.
80204, Qiagen, Hilden, Germany). Total RNA concen-
tration and purity were determined by using the Nano-
drop 2000. Reverse transcription and quantitative PCR
were performed as previously described.29 Ywhaz and
CycA were used as reference genes. Primers targeting
genes related to lipid metabolism and inflammasome
were listed in Table S1.
Ratio of mtDNA/nDNA copy number
To assess whether the treatment was associated with
increases in mitochondrial density, measurements of
mtDNA/nDNA copy number ratios in the liver were
performed via a quantitative PCR-based method as pre-
viously described.28
Western blot analyses
Depending on the target, 20 or 40 mg total protein
was loaded onto Mini-PROTEAN� Precast Gels
(Bio-Rad, Hercules, CA, USA) and transferred to
polyvinylidene fluoride (PVDF) membranes (Bio-
Rad). Primary antibodies were as follows: Total
OXPHOS cocktail (Cat. ab110413, RRID:
AB_2629281, 1:1000, Abcam), AMPK (Cat. 2532,
RRID:AB_330331, 1:1000, Cell Signaling), pAMPK
(Cat. 2531S, RRID:AB_330330, 1:1000, Cell Signal-
ing), Sirt3 (Cat. sc-49744, RRID:AB_2254693,
1:200, Santa Cruz), UCP2 (Cat. sc-6525, RRID:
AB_2213585, 1:200, Santa Cruz), ACC (Cat. 3662,
RRID:AB_2219400, 1:1000, Cell Signaling), pACC
(Cat. 3661, RRID:AB_330337, 1:1000, Cell Signal-
ing), and b-Actin (Cat. MAB1501, RRID:
AB_2223041, 1:6000, Millipore). Bands were
detected and quantified using a ChemiDOC MP gel
imaging system (Bio-Rad). The expression levels of
proteins were normalized to b-actin for tissue
lysate.
Histone deacetylase (HDAC) activity
The nuclear extract was prepared from liver tissues fol-
lowing the following the manufacturer's instructions
(Cat. 113474, Abcam, Cambridge, UK). About 100 µg of
nuclear extract was used to measure HDAC activity
with the HDAC Activity Colorimetric Assay Kit (Cat.
K331-100, BioVision) following the manufacturer's
instructions.
Cytokine and chemokine measurement
Liver tissues were homogenized in RIPA buffer and
normalized to 2 mg protein/mL for Rat Cytokine and
Chemokine Array 27 Plex by Eve Technologies (Calgary,
AB) following manufacturer's instructions.
Statistical analysis
The normality of data distribution was assessed with
Kolmogorov-Smirnov test. One-way ANOVA with
Tukey’s post hoc was used to determine differences
between groups using GraphPad Prism (GraphPad
Software, San Diego, CA). Data are presented as
mean § SEM. Results were considered significant
when P < 0.05. A power calculation was performed
using the G*Power 3.1.9.2. At least seven animals
per group were needed to enable detection of an
effect size at 0.7 for ANOVA (4 groups), with a
power of 0.8, alpha value of 0.05 and a beta value of
0.2. The sample size was also decided considering
the minimal use of newborn animals and the highly
invasive nature of our intervention. To acquire unbi-
ased data, the investigator who administered the
treatment was the only person aware of the treat-
ment group allocation. Another technician and
research assistant evaluated the behavioral and bio-
chemical analysis and were blinded to treatments.
www.thelancet.com Vol 76 Month February, 2022
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Ethics statement
All procedures were performed under the guidelines of
the Canadian Council on Animal Care with ethical
approval by the Health Sciences Animal Care Commit-
tee at the University of Calgary (Approval ID. AC20-
0013).
Role of funding source
Funders provided financial support for this study, and
did not participate in study design, data collection, data
analyses, interpretation, or writing of the manuscript.
Results

Effects of probiotics on seizure activity
Seizure scores were significantly lower in KD compared
to CD (P < 0.001, Figure 1). Analysis of CD+Pro and
KD+Pro showed both treatments to lower seizures com-
pared to CD (P < 0.001, Figure 1). No differences were
observed between KD and KD+Pro, indicating that the
probiotic administration did not interfere with the anti-
seizure effects of the KD.
Confirmation of probiotic colonization
We employed 16S rRNA sequencing of the fecal micro-
biome following probiotic administration to confirm
colonization. The relative abundances of S. thermophilus
and L. lactis were significantly increased>10 fold in pro-
biotics-treated animals compared to those without pro-
biotics (Figure 2). In the present study, we focused on
the impact of control and KD with and without probiotic
manipulation. It is important to note that there are also
minor differences in the gut microbiota between sham
Figure 1. Seizure scores in control diet (CD) and ketogenic diet
(KD) animals administered with and without probiotics (Pro).
*P < 0.05.
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operated and lesion induced animals at P7. These differ-
ences are limited to greater Staphylococcus (P = 0.067)
in lesioned animals, but no differences in diversity and
other phyla (mainly Firmicutes and Proteobacteria) and
genera (Fig. S1).52 As all animals were lesioned in the
present study, these differences do not impact the pres-
ent data about probiotic administration on hepatic stea-
tosis. Detailed gut microbiota analysis of the
administered probiotic have been reported elsewhere
(Mu C, unpublished) and a sub-analysis is reported here
for a frame of reference for the present data on hepatic
steatosis.
Probiotics ameliorated steatosis and reduced lipid
accumulation in the liver
We show that KD formula administration induces hepa-
tosteatosis in our model, as reflected by the shift in mac-
roscopic liver appearance from red in the control diet
(CD) to white in the KD in IS animals (Figure 3a). This
was confirmed biochemically with a 2-fold increase in
triglyceride concentration (P < 0.001, Figure 3b). The
KD-induced alterations in hepatic lipid accumulation
were reversed by the co-administration of a probiotic
blend (Streptococcus thermophilus HA-110 and Lactococ-
cus lactis ssp. lactis HA-136, Pro), which was confirmed
by the lower triglyceride (P = 0.001) and malondialde-
hyde (P = 0.047) levels in the liver than KD + Pro ani-
mals (Figure 3b and c). Non-targeted metabolomics
profiling of liver showed little distinction between CD
and CD+Pro groups, but a large separation between KD
and KD + Pro samples (Figure 3d), indicating the probi-
otic treatment had a greater impact on the liver metabo-
lome of KD-fed animals. We found a group of
metabolites including carnitines and fatty acids as
major drivers of the metabolic shift. Relative to KD-fed
animals, the KD+Pro restored the decreased abundance
of long-(C18:2 [P < 0.001]), medium-(C10 [P < 0.001],
C10:1 [P = 0.003], C8 [P < 0.001], C6 [P < 0.001]), and
short-chain (C2 [P = 0.042], C3 [P = 0.004]) carnitines,
to the level similar as CD (Figure 3e). Correspondingly,
the concentrations of several polyunsaturated fatty acids
and one monounsaturated fatty acid were significantly
decreased by probiotics in KD-fed animals (e.g.
P = 0.017 for 22:6(n-3), P = 0.007 for 20:3(n-3),
P = 0.011 for 16:1(n-7); Figure 3f).
Probiotics modulated the expression of key enzymes
responsible for lipid metabolism
Although mRNA expression of Cpt1a was not different
in KD-fed animals, probiotics upregulated the lipid oxi-
dation marker, Ppara (P < 0.001), and downregulated
the lipogenesis markers, Srebp1c (P = 0.004) and Fas
(P = 0.003) (Figure 3g), indicating a shift in lipid metab-
olism towards utilization rather than synthesis. The
lipid metabolism balance is tightly regulated by 5’-AMP
5



Figure 2. Probiotic administration promoted the colonization of Streptococcus thermophilus and Lactococcus lactis. N = 10-11 per
group. Control diet (CD); ketogenic diet (KD); probiotics (PRO). *P < 0.05.

igure 3. Probiotics (Pro) ameliorate ketogenic diet induced steatosis. (a) Liver appearance after 4-day KD and probiotic treatment.
) Triglyceride and (c) malondialdehyde concentrations in the liver. (d) PLS-DA plot from metabolomics profiling. (e) Carnitines and
) unsaturated fatty acid concentrations in the liver. (g) mRNA expression of lipid metabolism genes. CD, control diet with cerebral
sion induction; KD, ketogenic diet with cerebral lesion induction. N = 7-13 per group for all tests. SEM represented, one-way
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ANOVA followed by Turkey's post-hoc test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4. Probiotics regulate expression of proteins related to lipid oxidation and mitochondrial function in KD-fed pups. (a, b, c)
Western blotting and the corresponding quantification of western blotting density below each gel. (d) Measurement of HDAC activ-
ity. (e) Quantification of mtDNA expression. CD, control diet with cerebral lesion induction; KD, ketogenic diet with cerebral lesion
induction, probiotics (Pro). N = 7-13 per group for all tests. SEM represented, one-way ANOVA followed by Turkey's post-hoc test:
#0.05<P < 0.1, *P < 0.05, **P < 0.01.
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kinase (AMPK) signaling that inhibits SREBP1c.30 Sup-
porting the induction of lipid oxidation, the probiotics
significantly enhanced the phosphorylation of AMPK
on threonine-172 (P = 0.046) and its downstream target
phosphorylation ACC (P = 0.041) in KD-fed animals
(Figure 4a and b; see full blots in Supplemental West-
ern blots). Activation of AMPK requires the stimulation
of upstream deacetylase. KD+Pro group showed highest
histone deacetylase (HDAC) activity, further supporting
the activation of AMPK signaling (KD+Pro vs KD,
P = 0.0194; Figure 4c). Taken together, our results indi-
cate that the probiotic administration restores fatty acid
oxidation through an AMPK-mediated mechanism.
Probiotics affected the mitochondrial function
To investigate if the improved lipid oxidation was
related to alterations in mitochondrial function, we
measured the expression levels of mitochondrial respi-
ratory chain complexes. Probiotic administration upre-
gulated the protein expression of mitochondrial
complex Ⅱ (P = 0.052) in KD-fed animals (Figure 4d).
No difference was observed for mtDNA copy number
between KD or KD+Pro groups (P = 0.718 for ND2/
www.thelancet.com Vol 76 Month February, 2022
b-globin, P = 0.770 for MT-CYB/b-globin Figure 4e),
indicating that the upregulation of mitochondrial com-
plex Ⅱ was independent of mitochondrial abundance.
These findings demonstrate that the probiotics enhance
pAMPK-mediated signaling to activate lipid oxidation,
which in turn ameliorates KD-induced steatosis.
Probiotics affected the expression of cytokines and
caspase 1
AMPK integrates a multitude of signals including
inflammation and cytokine signaling to modulate lipid
oxidation.31 Probiotics use several strategies to interact
with host, one of which is immunological regulation.
While discovering the upregulation of AMPK signaling,
we were curious as to the possible trigger. As such, we
were interested in exploring how probiotics alter cyto-
kine expression, which may bridge the observed impacts
of probiotics with pAMPK-mediated signaling. A cyto-
kine panel-based screening showed that the KD+Pro
induced a differential cytokine profile relative to KD
(Figure 5a), specifically driven by upregulation of IL-18
(P < 0.001), IL-1b (P = 0.045) and IL-6 (P < 0.001)
(Figure 5b�d). The gene expression of Caspase 1, a key
7



Figure 5. Probiotics alter cytokines in the liver. (a) Heatmap of cytokines and chemokines. Upper panel represents cytokines affected
by KD or probiotic. (b, c, and d) Concentrations of IL-18, IL-1b, and IL-6. (e) mRNA expressions of inflammasome genes. CD, control
diet with cerebral lesion induction; KD, ketogenic diet with cerebral lesion induction, probiotics (Pro). N = 8-11 per group. SEM repre-
sented, one-way ANOVA followed by Turkey's post-hoc test: #0.05<P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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protein catalyzing IL-18 and IL-1b maturation, was also
upregulated (P = 0.002) by KD+Pro (Figure 5e).
Discussion
While the KD is a well-recognized therapy to reduce
seizures in drug resistant IS, this benefit can come at
the expense of dyslipidemia with several studies report-
ing liver-related side effects in infants with IS.9,11 This
is important as dyslipidemia may have lasting conse-
quences in young children affecting metabolism,
growth and development, as well as future metabolic
disease risk.32 Herein we provide evidence that (i) probi-
otic administration can counteract some of the dyslipi-
demia caused by the KD in an IS model; (ii) a probiotic
blend does not impact KD induced seizure mitigation
and (iii) the mechanism by which probiotics are protec-
tive likely involves the upregulation of lipid oxidation
involving the energy sensor AMPK.

Predictably, administration of the KD in our IS
model promoted hepatic lipid accumulation, elevated
malondialdehyde levels and reduced carnitines, all of
which may contribute to the observed hepatosteatosis.
Hepatosteatosis occurred following a 4-day KD induc-
tion, a relatively short time frame that likely reflects the
immature nature of the infant liver and the inadequacy
of their antioxidant defense system which is known to
be insufficient to handle the lipid overload.33 Likewise,
malondialdehyde levels were elevated with the KD.
Malondialdehyde is a reactive metabolic product from
lipid peroxidation and a well-established indicator for
oxidative stress in various pathological conditions.34 Ele-
vations are common with dietary insults with 12 week
KD administration leading to lipid accumulation, steato-
sis and cellular injury in the liver of adult mice.35 Next,
the KD resulted in reductions in liver carnitine levels in
our model. Derived from amino acids, carnitine is an
essential substance that transports long-chain fatty acids
from the cytoplasm to the mitochondrial matrix and is
key to regulating acetyl-CoA/CoA ratios and protecting
against oxidative stress. Carnitine deficiency is well
documented in non-alcoholic fatty liver disease
(NAFLD) leading to reductions in fatty acid oxidation as
well as triglyceride accumulation.36 In addition, carni-
tine is known to mediate inflammation with L-carnitine
supplementation improving markers in children
affected by chronic kidney disease.37 Given this, KD
treatment could lead to carnitine deficiency in children
with epilepsy, due to an enhanced demand for carni-
tines to promote the oxidation of fatty acids in
mitochondria.38

Administered by gavage, colonization of mice with
probiotics was confirmed through fecal 16S rRNA
sequencing that demonstrated increases in both Strepto-
coccus thermophilus HA-110 and Lactococcus lactis subsp.
lactis HA-136 in treated animals. Results show probiotic
administration was hepatoprotective, ameliorating KD
induced lipid accumulation, hepatic oxidative stress and
www.thelancet.com Vol 76 Month February, 2022
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inflammation in our model of IS. Visually, probiotics
resolved much of the fatty liver appearance from pink
(fatty) to red (lean). Corresponding to the visual appear-
ance of the livers, probiotics reduced triglycerides,
malondialdehyde and restored carnitines in KD to levels
observed in control diet animals. Although this is the
first report employing probiotics to counteract KD
induced dyslipidemia, the phenomenon has been previ-
ously observed in high fat induced obesity. Specifically,
malondialdehyde reductions have been observed in diet-
induced obese mice following administration of yogurt
prepared from cultures of Streptococcus lactis and Lacto-
bacillus bulgaricus.39 The decreased malondialdehyde
after probiotic administration in the present model sug-
gests a partially restored antioxidant defense in the liver.
Likewise, the probiotics used here also altered the
expression of lipid related enzymes involved in fatty
acid oxidation and lipogenesis including Srebp1c, Fas
and PPARa. Srebp1c and Fas, both involved in lipogene-
sis were reduced with KD + probiotic administration
compared to KD alone. In contrast, KD + probiotic dras-
tically increased PPARa expression. This is of interest
as PPARa is a nuclear hormone receptor that regulates
the transcription of genes stimulating fatty acid trans-
port, mitochondrial -oxidation, ketogenesis, and triglyc-
eride catabolism.40 This increase likely stimulated the
observed elevations in mitochondrial complex II and V
with the KD + probiotic group.41 While probiotics were
effective in reducing KD induced lipidemia, it is impor-
tant to note that the treatment had no impact on the
anti-seizure effects of the diet. Given this, probiotics
may be a viable option to counteract the negative
impacts of the diet in young children.

Beyond metabolic improvements, we also noted probi-
otics influenced hepatic cytokines and chemokines. Higher
concentrations of both hepatic IL-18 and caspase 1 were
observed with KD + probiotic treatment. These signals are
of interest as they are known to interact with the energy
sensor AMPK. Specifically,IL-18 is known to activate
AMPK signaling and promote lipid oxidation in the skele-
tal muscle of mice, counteracting high-fat diet-induced
weight gain.42 Likewise, the induction of IL-18 from cas-
pase 1 signaling has been found to be protective in the met-
abolic syndrome induced by a high-fat diet.43 The
association between these two signaling molecules is that
the maturation and secretion of IL-18 depends on the pro-
teolytic cleavage of caspase 1 enzyme on pro-IL-18.44

AMPK upregulation after probiotics has also been previ-
ously reported in a mouse model of chronic-alcohol-
induced hepatic steatosis45 and diet-induced NAFLD.46

Given these findings, the increase of IL-18 by probiotics in
the present study provides a possible link to AMPK signal-
ing. Although we observed these alterations, whether IL-18
directly contributes to the hepatoprotective effect of probiot-
ics requires further investigation.

Another possible mediator of AMPK involves HDACs.
Expression of HDAC2 could upregulate AMPK by
www.thelancet.com Vol 76 Month February, 2022
suppressing miR-101b.47 However, upregulation of AMPK
is also known to inhibit HDAC5 by promoting HDAC
nuclear export via hyperphosphorylation.48 In the present
study, we noted increases in total HDAC activity in our
KD + probiotic group compared to CD + probiotic. It is not
possible to make specific conclusions from this change as
the interactions between HDAC and AMPK are complex.
Due to tissue limitations, the HDAC assay used in our
study detected all HDACs, including HDACs 1-11 and sir-
tuins. Different types of HDACs are involved in different
functions. HDAC1, 2, and 3 are reported to be protective
against NAFLD, while HDAC7, 8, and 11 promote
NAFLD.49

In the present study, all animals were administered
the same set of chemical drugs, which reduced the pos-
sibility that the chemicals used to induce IS in these
rats affected signaling pathways studied in this investi-
gation. As far as we are aware, there is no evidence
showing intracerebral injection of doxorubicin and lipo-
polysaccharide affects the hepatic pathways reported
here. Although there was one report that short-term
inhibition of serotonin synthesis by intraperitoneal
injection of 300 mg/kg PCPA could prevent hepatic
lipid accumulation,50 the potential effects on the signal-
ing pathways reported here were minimized in the cur-
rent experimental setting as all animals were IS treated.
Other limitations to be considered are the short experi-
mental time frame of the experiment and the correlative
nature of the signaling alterations found. Despite these
limitations, our findings are clinically relevant and raise
the possibility that KD induced side effects could be mit-
igated in children with epilepsy with probiotic adminis-
tration.

In conclusion, the KD is often lifesaving in children
with IS and other metabolic disorders,51 but it has the
potential to negatively impact liver metabolism over
time. The data presented here help to understand the
detrimental impacts of the KD on the liver and highlight
a potential approach to circumvent KD-induced steato-
sis through probiotic administration.
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