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Beneficial Effects of Kaempferol after Developmental
Traumatic Brain Injury Is through Protection of Mitochondrial

Function, Oxidative Metabolism, and Neural Viability

Jyothsna Chitturi,1 Vijayalakshmi Santhakumar,2,3 and Sridhar S. Kannurpatti1

Abstract

Oxidative energy metabolism is depressed after mild/moderate traumatic brain injury (TBI) during early development,

accompanied by behavioral debilitation and secondary neuronal death. A TBI metabolome analysis revealed broad effects

with a striking impact on energy metabolism. Our studies on mitochondrial modulators and their effects on brain function

have shown that kaempferol, a stimulator of the mitochondrial Ca2+ uniporter channel (mCU), enhanced neural and

neurovascular activity in the normal brain and improved stimulus-induced brain activation and behavior after TBI during

early development. Because kaempferol enhances mitochondrial Ca2+ uptake and cycling, with protective effects after

TBI, we tested the hypothesis that kaempferol treatment during the acute/subacute stage after TBI (0–72 h) acted on

mitochondria in improving TBI outcome. Developmental age rats (P31) underwent TBI and were treated with vehicle or

kaempferol (1 mg/kg intraperitoneally) in three doses at 1, 24, and 48 h after TBI. Brains were harvested at 72 h and

subjected to liquid chromatography mass spectrometric measurements. Decrease in pyruvate and tricarboxylic acid (TCA)

cycle flux were observed in the untreated and vehicle-treated group, consistent with previously established energy

metabolic decline after TBI. Kaempferol improved TCA cycle flux, maintained mitochondrial functional integrity as

observed by decreased acyl carnitines, improved neural viability as evidenced by higher N-acetyl aspartate levels. The

positive outcomes of kaempferol on metabolic profile corresponded with improved sensorimotor behavior.

Keywords: calcium uniporter; dietary flavonoid; kaempferol; metabolomics; mitochondrial; N-acetyl aspartate; oxidative

metabolism; pediatric; traumatic brain injury

Introduction

Developmental differences in children between two and

nine years such as excitatory neurotransmission,1–3 higher

neurometabolic rates,4 higher neural cell numbers,5 increased

myelination,6,7 and different neurovascular activity compared with

adults,1,3,8,9 constitute a unique neurophysiological phase. These

age-dependent features contribute to distinct neuropathological

consequences of traumatic brain injury (TBI) to the developing

brain. Because depressed energy levels exacerbate secondary

neurodegeneration,10 rescuing brain energy metabolism after TBI

at all ages is crucial. It will have a greater impact on the developing

brain, however, by rescuing several ongoing energy dependent

developmental plasticity processes.

Previous studies have characterized the acute/subacute stage of

the developmental rat model of TBI and observed a transient energy

metabolic depression between 0 and 48 h that recovered there-

after.11–15 Our recent metabolomic studies showed metabolic de-

pression even at 72 h after developmental TBI, impinging on neural

viability and subsequent neurodegeneration.16 Because chronic

studies suggest prolonged energy metabolic deficits after TBI,17

it is highly likely that a large pool of surviving neural populations

may carry long-term mitochondrial functional deficits. Supporting

this view, previous studies have shown differential impact of TBI

on mitochondria in various brain regions.18

Mitochondria are currently considered to play an active role in

cellular signaling in addition to their traditional role as energy

producing organelles. Mitochondrial energy metabolism and neural

signaling are dynamically coupled through the mitochondrial Ca2+

uptake and efflux process via the mitochondrial Ca2+ uniporter

channel (mCU).19 Thus, metabolic deficits accompanying TBI via

mitochondrial dysfunction additionally can affect neural signaling

and hence brain circuit function.

In this regard, it is well known that mechanically injured areas of

the brain attract and increase the frequency of cortical spreading

depression (CSD).20 Hence, early-stage therapeutic strategies that

maintain baseline energy metabolism and spontaneous neural ac-

tivity of cellular populations can be protective against adverse
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neurological outcomes after TBI. Because of the critical role of

mitochondria in coupling brain oxidative energy metabolism and

neural signaling activity,19,21–25 and because mitochondrial de-

generation has been identified in the neural, astrocytic, and vascular

compartments after TBI,18,26 mitochondria are suitable therapeutic

targets in the TBI pathological process.

Our in vivo imaging studies on mitochondrial modulators and

their effects on brain function indicated that kaempferol, a stimu-

lator of the mitochondrial Ca2+ uniporter channel (mCU), enhanced

spontaneous/stimulus-evoked neural activity and neurovascular

responses in the normal brain.24,25 In a pre-clinical rat model of

TBI, treatment with intraperitoneal kaempferol (1 mg/kg) during

the acute/subacute stage (0–72 h after TBI) in three doses separated

by 24 h, significantly improved the long-term behavioral and brain

function assessed two months post-TBI.27

We hypothesized that the protective action of kaempferol after

TBI was through a mitochondrial mechanism of action. Based on

the broad metabolomic impact of developmental TBI determined

previously,16 we examined the effects of kaempferol treatment on

the TBI metabolome to test the mechanism of action of kaempferol.

Metabolomic changes were determined by an untargeted multi-

variate analysis of a broad range of metabolites (197 metabolites)

identified by liquid chromatography mass spectrometry (LC/MS)

of the brain extracts at 72 h after TBI. N-acetyl aspartate (NAA), a

neuronal marker, was used as a correlate of neural viability.28,29

Metabolomic changes were correlated with TBI-induced sensori-

motor behavioral outcomes.

Methods

Animals

Male Sprague-Dawley rats (23–24 days old; weighing 60–80 g)
were procured from Charles River Laboratories, Wilmington, MA,
and housed under controlled conditions. All procedures were ap-
proved by the Institutional Animal Care and Use Committee of
Rutgers Biomedical and Health Sciences-New Jersey Medical
School in accordance with the National Institutes of Health policy
on the use of research animals. Blinding of animal groups for be-
havior was not performed because the same personnel performing
surgical and injury procedures also performed the behavioral tests.

Lateral fluid-percussion injury

Animals underwent a lateral fluid percussion injury (FPI) aged
P31 (Fig. 1A) in a similar manner to our previous studies and those

of other independent groups30,31 and were assigned randomly for
the various treatments. For Luer lock placement, rats were an-
esthetized with intraperitoneal ketamine (80 mg/kg)-xylazine
(10 mg/kg) and positioned on a stereotaxic frame. After ascer-
taining surgical plane anesthesia by the absence of tail-pinch re-
flexes, a 3 mm craniotomy was performed on the left side of the
skull -5 mm posterior to the bregma and 3 mm lateral to the sagittal
suture keeping the dura intact. A Luer lock syringe hub was glued
surrounding the exposed dura using a cyanoacrylate adhesive. The
TBI was performed 24 h after Luer lock implantation.

Rats were anesthetized with 2% isoflurane in an induction
chamber, observed for anesthesia mediated loss of consciousness
through head tilt, and transferred quickly to the FPI device (Vir-
ginia Commonwealth University, Richmond, VA). The Luer lock
hub was affixed to the syringe of the FPI device under isoflurane
anesthesia. A pendulum drop delivered a brief 20 msec impact on
the intact dura. The impact pressure was measured by an extra-
cranial transducer and controlled between 1.8–2.0 atm. Overall
duration under isoflurane anesthesia and the FPI procedure was
approximately 2–3 min. After injury, rats were transferred to a soft
bedding cage and monitored for the return of righting reflex and any
signs of seizures for the next 30 min. No special temperature
management was necessary.

A mortality rate of 10% (4 of 36 animals) was observed
throughout the current study. Two naive animals were lost—one
immediately after ketamine administration and another during the
Luer lock implantation procedure. Two TBI animals were lost—
one at 24 h after the first dose of kaempferol treatment and another
at 24 h after first vehicle dose. The 32 surviving animals were in-
cluded in the study after randomly grouping into sham (n = 6), TBI-
untreated (n = 9), TBI+ vehicle (n = 7), and TBI+ kaempferol
(n = 10). Sham and TBI-untreated animal subjects from our previ-
ously published study16 were combined with additional new animal
subjects in the current study to achieve adequate sample sizes.
Animals were monitored within their cage environment daily
throughout the duration of the experiments.

Tissue sample extraction and liquid
chromatography/mass spectrometry (LC/MS)

At 72 h after TBI (Fig. 1A), animals were decapitated and brains
rapidly removed (<60 sec). Cerebellum and brain stem areas were
removed, cerebral hemispheres separated (Fig. 1B; schematic), and
snap frozen in liquid nitrogen and stored at -80�C. Brain tissue
samples were weighed and disrupted in extraction buffer (80%
methanol in water) using a microhomogenizer. Each sample was
transferred to a pre-cooled (dry ice) homogenization tube with
4 mL of pre-cooled 80% methanol and homogenized for 15 sec

FIG. 1. (A) Schematic of the experimental design and time line assessing effects of drug or vehicle treatment on traumatic brain
injury, behavioral and metabolomic assessments. (B) Schematic of the rat brain indicating the stereotaxic location of injury and
craniotomy. Color image is available online.
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using the standard microhomogenizer (Pro Scientific). A 500 lL of
sample was taken out to a new Eppendorf tube and centrifuged at
4�C for 15 min at 14,000 rpm. Supernatants were collected and
normalized to tissue weight.

The LC/MS measurements were performed on the brain extract
samples using a Q ExactiveOrbitrap mass spectrometer (Thermo
Scientific) coupled to a Vanquish UPLC system (Thermo Scien-
tific). The Q Exactive operated in a polarity-switching mode.
A Sequant ZIC-HILIC column; 2.1 · 150 mm i.d, (Merck. Co), was
used for metabolite separation. Buffers consisted of high perfor-
mance liquid chromatography (HPLC) buffer-A (100% acetoni-
trile), and HPLC buffer-B (pH = 9.0: 95% [vol/vol] water, 5%
[vol/vol] acetonitrile, 20 mM ammonium hydroxide, 20 mM am-
monium acetate). The HPLC flow rate was set at 150 lL/min, and
gradients were from 85% to 30% for buffer A in 20 min followed by
a wash with 30% buffer A and re-equilibration at 85% buffer A.
Metabolites were identified based on exact mass within 5 ppm and
standard retention times. Relative metabolite quantification was
performed based on peak area for each identified metabolite.

Metabolite data analysis and statistics

Statistical comparisons between hemispheres of sham and TBI
were made as shown in Figure 1B. Data analysis was performed
using the software Metaboanalyst 3.0.32,33 To minimize variations
introduced during sample preparation effects of ion suppression,
metabolite peak intensities were normalized to tissue wet-weight.
Because of deviations from normality as tested by the Shapiro-Wilk
test, data subsequently were log transformed and auto-scaled (mean-
centered and divided by the standard deviation of each variable),
effectively converting them to Z-scores. Plots of fold change in log
scale were determined to efficiently represent metabolite concen-
tration changes in both directions (increase or decrease).

Partial least squares discriminant analysis (PLS-DA) was used to
determine the separation between groups of the metabolite vari-
ables through rotation of the principal components obtained by
principal component analysis (PCA). This multivariate analysis
was used because of the presence of more metabolite variables than
observations in addition to correlation among the variables in the
data.34 The PLS-DA two-dimensional and three-dimensional score
plots were generated from the first two and first three principal
components, respectively, for classification. The PLS-DA analysis
was also used for feature selection, and feature importance mea-
sures were generated (VIP: variable importance in projection). R2X
and R2Y, the fraction of variation that the model explains in the
independent variables (X) and dependent variables (Y) and Q2Y:
the predictive accuracy of the model was estimated by the PLS-DA
cross-validation. These variables range between 0–1 with values
>0.5 indicating good and >0.8 indicating outstanding predictive
accuracies, respectively. Loading plots (top 25 variables) were used
to determine the clustering of variables and whether their rela-
tionship within (weightings) scores changed in response to TBI.

To measure the impact of individual metabolite changes on
biochemical pathways, metabolic pathway analysis (MetPA)35 and
metabolite set enrichment analysis (MSEA) 36 were performed.
The MetPA combined results from pathway enrichment analysis
with pathway topology analysis using a high-quality Kyoto En-
cyclopedia of Genes and Genomes metabolic pathway database.
Data were analyzed using a pre-existing rat reference library with
global test algorithm for MSEA and relative-between centrality
algorithm for pathway topology analysis provided within the Me-
taboanalyst software.

Pathway enrichment analysis used metabolite concentration
values to calculate p values based on the asymptotic distribution
without using permutations. Because many pathways were tested
simultaneously, p values were corrected for multiple comparisons
using Holm-Bonferroni method (Holm p) and false discovery rate
(FDR). Pathway topology analysis estimated node importance

based on two node centrality measures—namely, degree centrality
and betweenness centrality. While degree centrality represented the
number of links converging on a node, betweenness centrality re-
presented the number of shortest paths passing through the node.
Different from the degree centrality measure focusing on local
connectivity, the betweenness centrality measure focused on global
network topology. Hence, our analysis used the betweenness cen-
trality measure to calculate the pathway impact values in MetPA as
implemented in our previous study.16

The MSEA directly investigates a set of functionally related
metabolites without the need to pre-select metabolites based on
some arbitrary cutoff threshold. Patterns of metabolites that are
significantly enriched in biologically relevant pathways can be
assessed.36 It has the potential to identify subtle but consistent
changes among a group of related compounds in a certain biolog-
ical pathway. A quantitative enrichment analysis algorithm and a
custom-made metabolite set library containing 36 metabolite sets
based on metabolic pathways related to the detected brain metab-
olites, as implemented in our earlier studies,16 was used as the
reference library. The enrichment analyses considered the refer-
ence metabolome built based on our analytical platform of the
current targeted brain metabolites. A global test algorithm using a
generalized linear model was used to estimate a Q-statistic for each
metabolite set describing the correlation between metabolite con-
centration profiles (X) and physiological outcomes (Y). The Q
statistic for each metabolite was derived from the average of the Q
statistics for each metabolite within the set. Statistical p values after
MSEA were corrected for multiple comparisons using the Holm
p and FDR.

Whisker stimulation-induced motor response (WSIMR)

To assess early sensorimotor defects, WSIMR was performed
24, 48, and 72 h after injury. The WSIMR test is an adaptation of a
previously established whisker stimulation-induced paw placement
test in adult animals.37 We have modified this sensorimotor test
successfully to developmental stage animals as established by our
previous studies.16,27 Animals were placed in a test cage and left to
habituate for 1 min. Subsequently, whiskers on either side were
stroked in a rostrocaudal direction using an applicator stick. Each
trial consisted of multiple strokes at 3 Hz frequency, and up to 10
trials were performed on each side of the animal with an intertrial
gap of 1 min.

Responses were scored on a scale of 0–5. Active avoidance by
running away with 1–2 strokes = 5; with 1–2 strokes, quick head
movement away from the stroking stick = 4; slower head movement
after 1–2 strokes away from the stick = 3; head movement away
from the stick after 3–6 strokes = 2; slower head movement after 3–
6 strokes = 1, and no reaction to stroking beyond nine strokes = 0.
An average score of the 10 trials was determined.

Forelimb usage test

The neural basis of spatial and motor behaviors, used as an assay
of brain function, can be assessed by natural exploratory behavior
in the rat. The forelimb usage test was a modified version of the
cylinder test and provides a way to evaluate spontaneous forelimb
usage in the home cage environment as demonstrated in our pre-
vious studies.16 Each animal was observed for 5 min duration in a
test cage 24, 48, and 72 h after injury. Active exploration of vertical
surfaces by rearing up on the hind limbs and wall surface explo-
ration with forelimbs were observed and scored. The number of
independent wall placements observed for contralateral, ipsilateral,
or both forelimbs were scored. Animals using both forelimbs si-
multaneously = 5; exploring cage wall with only the contralateral
forelimb usage = 4; exploring cage wall with only ipsilateral fore-
limb usage = 3. Percentage forelimb usage within the 5 min obser-
vation duration was determined.
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Results

The TBI was performed using the lateral FPI rat model on the

left hemisphere (Fig. 1A) and randomly assigned to different

treatment groups, with the first group not receiving any treatment,

second TBI group receiving vehicle containing 10% dimethyl

sulfoxide (DMSO) in saline, and the third TBI group receiving

intraperitoneal kaempferol (1 mg/kg). Sensorimotor behavior was

assessed using WSIMR and forelimb usage tests, respectively,

during the acute/subacute stage at 24, 48, and 72 h after injury.

After completion of behavioral monitoring, postmortem brains

were removed at 72 h and extracted for metabolomics studies using

LC/MS measurements.

Improved sensorimotor behaviors after
kaempferol treatment

The TBI animal groups underwent sensorimotor behavioral as-

sessments using the WSIMR and forelimb usage tests at 24, 48, and

72 h after TBI. Untreated and vehicle treated TBI animals showed

no significant differences in WSIMR behavior. There was a sig-

nificant interhemispheric asymmetry, with greater WSIMR deficit

on contralateral whisker stimulation compared with ipsilateral

(Fig. 2A,B). The WSIMR behavior in the current untreated and

vehicle treated TBI animals was reproducible and comparable to

that of our previous studies on this developmental TBI model.27

Kaempferol treated TBI animals showed significantly improved

ipsilateral (Fig. 2A) and contralateral WSIMR scores (Fig. 2B) at

all time points compared with vehicle. During forelimb usage as-

sessments, TBI animals showed 34% usage of ipsilateral forelimb,

20% usage of contralateral forelimb, and 46% usage of both fore-

limbs simultaneously at all time points (Fig. 2C). Vehicle treated

TBI animals also showed a similar trend of forelimb usage with no

significant differences from the untreated TBI animals (Fig. 2C).

Kaempferol treated animals, however, showed an increase in si-

multaneous usage of both forelimbs (70%). In addition, unlike the

untreated and vehicle treated TBI animals, the interhemispheric

FIG. 2. Improved sensorimotor behaviors after kaempferol treatment. (A) Ipsilateral whisker stimulation: animals with traumatic
brain injury (TBI) exhibited reduced whisker stimulation-induced motor response (WSIMR) in response (blue). Vehicle treated TBI
animals (pink) did not differ from untreated TBI animals, whereas kaempferol significantly improved the WSIMR responses (green).
(B) Contralateral whisker stimulation: TBI animals exhibited a relatively more intense reduction in WSIMR in response (blue). Vehicle
treated TBI animals (pink) did not differ from untreated TBI animals, whereas kaempferol significantly improved the WSIMR responses
(green). (C) Percentage forelimb usage in TBI, vehicle, and kaempferol treated animals. The TBI animals used both forelimbs
simultaneously (blue) *45% of the time, with an increased usage of only the ipsilateral forelimb (pink) (*34%) or only contralateral
forelimb (green) (*20%), indicating profound motor functional deficits on both brain hemispheres after TBI. Vehicle treated animals
exhibited forelimb defects, similar to untreated TBI animals. Kaempferol treatment improved both forelimb usage simultaneously to
*70% (blue), with reduced usage of only the ipsilateral (*18%) or only contralateral forelimb (*13%). (D) Percentage forelimb usage
in untreated, vehicle, or kaempferol treated TBI animals. Kaempferol treated TBI animals showed improved usage of both forelimbs
simultaneously. Significantly different; ***p < 0.001; **p < 0.01; two-way repeated measures analysis of variance. Data represent
mean – standard error of the mean. Color image is available online.
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asymmetry in single forelimb usage was absent in kaempferol

treated TBI animals (Fig. 2C, D).

Effect of no treatment or vehicle treatment
on the TBI metabolome

Ipsilateral metabolome differences between sham versus un-

treated TBI animals were assessed and compared with sham versus

vehicle treated TBI animals. Untreated TBI animals showed broad

metabolic changes compared with sham with at least 25% metab-

olites showing greater than twofold change (Fig. 3A,B) and sig-

nificant class separation by PLS-DA analysis (Fig. 3C–E). The

MetPA analysis showed significant changes (Holm p < 0.05) related

to glyoxylate and dicarboxylate metabolism, tricarboxylic acid

(TCA) cycle, gycolysis and gluconeogenesis, vitamin B6 metabo-

lism, pyruvate metabolism, and prominent amino acids (Fig. 4A).

The MSEA also showed significant (Holm p < 0.05) fold enrich-

ment in metabolite clusters related to oxidation of branched chain

fatty acids, pyruvate metabolism, transfer of acetyl groups into

mitochondria, glycolysis, and TCA cycle and several other meta-

bolic pathways (Fig. 4B).

Similar to untreated TBI, vehicle treated TBI animals showed a

broad metabolic shift compared with sham with at least 20% of the

metabolites showing greater than twofold change (Fig. 5). The

MetPA analysis showed significant changes (Holm p < 0.05) related

to pyruvate metabolism, TCA cycle, nicotinate and nicotinamide

metabolism, and glycolysis (Fig. 6A). Further, MSEA showed

significant (Holm p < 0.05) fold enrichment in several critical me-

tabolite clusters related to various amino acid metabolic pathways,

pyruvate metabolism, glycolysis and gluconeogenesis, TCA cycle,

glucose-alanine cycle, mitochondrial beta-oxidation of short fatty

acids, fatty acid metabolism, betaine metabolism, and bile acid

biosynthesis (Fig. 6B).

To obtain accurate effects of vehicle treatment, we compared the

ipsilateral untreated and vehicle treated TBI metabolomes. As

shown in Figure 7, greater than twofold changes were observed in a

small group of metabolites (3.6% of the targeted metabolites).

Adenosine diphosphate (ADP) levels decreased, whereas 2-

FIG. 3. Ipsilateral metabolic differences between sham and untreated animals with traumatic brain injury (TBI) (A) Ipsilaterally, 25% of
the metabolites showed a twofold change between sham animals and untreated TBI animals. (B) There were 22% of the targeted
metabolites that were significantly different ( p < 0.01). (C) Partial least squares discriminant analysis PLS-DA two-dimensional scores plot
(D) PLS-DA three-dimensional scores plot showed a good class separation. (E) Cross validation values of the PLS-DA model. Accuracy:
1.0, R2: 0.98, Q2: 0.92, suggested a very high accuracy of the model. Color image is available online.
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isopropyl-3-oxosuccinate, kynurenic acid, L-dihydroorotic acid,

NAA, phosphoenolpyruvate, and spermidine levels increased

(Fig. 7A,B). Multivariate analyses using PLS-DA (Fig. 7C,D)

showed a partial class separation along with a low accuracy of the

PLS-DA model (accuracy = 0.68, R2 value = 0.84, Q2 value = 0.11).

The MetPA and MSEA showed no significant changes in any of the

metabolic pathways (Fig. 7E,F; all Holm p values being >0.05).

Comparing contralateral hemispheres between the untreated and

vehicle treated TBI animals, greater than twofold changes occurred

in only about 2% of the targeted metabolites. Citric acid, hippuric

acid, phosphoenolpyruvate and spermidine levels increased in the

vehicle treated TBI versus untreated TBI (Fig. 8A,B).

Multivariate analyses using PLS-DA showed a partial class

separation (Fig. 8C,D), along with a low accuracy value of the PLS-

FIG. 4. Ipsilateral pathway impact analysis between sham and untreated animals with traumatic brain injury (TBI). (A) Metabolic
pathway analysis (MetPA): Left panel-node colors are based on p values and node size on pathway impact values. Table on the right
shows significantly affected metabolic pathways. (B) Metabolite set enrichment analysis (MSEA): Left panel y-axis indicates the
metabolite sets based on the Holm p values and x-axis indicates the fold enrichment. Table on the right shows affected pathways
relevant to significantly enriched metabolite sets where broad metabolomic shift affecting several pathways can be observed in the
untreated TBI group compared with sham. FDR, false discovery rate. Color image is available online.
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DA model (accuracy = 0.75, R2 value = 0.87, Q2 value = 0.18). The

MetPA and MSEA analyses also showed no significant change in

any metabolic pathways (Fig. 8E,F, all Holm p values being >0.05).

These results highlight an insignificant impact of vehicle treatment

on any metabolic pathway after TBI.

Kaempferol effects on the TBI metabolome

Assessing the impact of kaempferol treatment on the TBI me-

tabolome, metabolic differences between vehicle and kaempferol

treated animal groups were performed. On the ipsilateral hemi-

sphere, vehicle and kaempferol treated TBI animals showed greater

than twofold changes in about 7% of the targeted metabolites

(Fig. 9A). Citric acid, L-acetylcarnitine, hexanoylcarnitine, and

propionylcarnitine levels decreased after kaempferol treatment,

whereas R-lipoic acid, acetylphosphate, ADP, gluconic acid, glu-

cosamine 6-phosphate, fructose 6-phophate, NAA, nicotinamide

dinucleotide (NAD), oxoglutaric acid, and uric acid levels in-

creased (Fig. 9B). Multivariate PLS-DA analysis (Fig. 9C, D)

showed distinct class separation with a high accuracy of the PLS-DA

model (accuracy = 1.0, R2 value = 0.95, Q2 value = 0.78). The MetPA

showed significant changes (Holm p < 0.05) in pathways related to

the TCA cycle, alanine, aspartate, and glutamate metabolism, d-

glutamine/d-glutamate metabolism, and pyruvate metabolism

(Fig. 10A). The MSEA analysis also showed significant (Holm

P < 0.05) fold enrichment in several critical metabolite clusters re-

lated to transfer of acetyl groups into mitochondria, glucose-alanine

cycle, TCA cycle, glycolysis, malate-aspartate shuttle, oxidation of

branched chain fatty acids, and urea cycle (Fig. 10B).

On the contralateral hemisphere, kaempferol treated TBI animal

groups showed greater than twofold changes in only three metab-

olites (1.5% of the total targeted metabolites) compared with ve-

hicle (Fig. 11A). The NAD, a-ketoglutarate (a-KG), and

ureidosuccinate levels increased with kaempferol treatment com-

pared with vehicle treated TBI animals (Fig. 11B). Multivariate

analyses using PLS-DA (Fig. 11C,D), showed no class separation

with low model accuracy (accuracy = 0.64, R2 value = 0.92, Q2

value = -0.02). Further, no significant impact of kaempferol was

FIG. 5. Ipsilateral metabolic differences between sham and vehicle treated animals with traumatic brain injury (TBI). (A) Ipsilaterally,
20% of the metabolites showed a two-fold change between sham animals and vehicle treated TBI animals. (B) There were 15% of the
targeted metabolites that were significantly different. (C) Partial least squares discriminant analysis (PLS-DA) two-dimensional scores plot
(D) PLS-DA three-dimensional scores plot showed a good class separation. (E) Cross validation values of the PLS-DA model. Accuracy:
0.79, R2: 0.90, Q2: 0.91, suggested a very high accuracy of the model. Color image is available online.
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observed on any metabolic pathway in the contralateral hemisphere

as assessed by the MetPA and MSEA analyses (Fig. 11E,F; all

Holm p values being >0.05).

Discussion

The lateral FPI is highly diffusive affecting the acute/subacute

(72 h post-TBI) metabolite components with a relatively higher

intensity in the ipsilateral (injury lateralized hemisphere) compared

with contralateral (Fig. 1B).16 The broad post-TBI metabolomic

disturbance with more ipsilateral intensity does not translate to

significant ipsilateral brain lesions assessed by conventional T2-

weighted magnetic resonance imaging (MRI), two months after

TBI.38 Diffusion tensor imaging (DTI) based morphological

characterization, however, could detect long-term microstructural

abnormalities, and functional MRI (fMRI) could detect functional

abnormalities related to neural connectivity and cerebrovascular

reactivity with a relatively more intense ipsilateral impact.38

Stimulation-induced neural circuit activity as assessed by

functional laser Doppler imaging (fLDI) of whisker deflection-

FIG. 6. Ipsilateral pathway impact analysis between sham and vehicle treated animals with traumatic brain injury (TBI). (A) Me-
tabolic pathway analysis (MetPA): Left panel-node colors are based on p values and node size on pathway impact values. Table on the
right shows significantly affected metabolic pathways. (B) Metabolite set enrichment analysis (MSEA): Left panel y-axis indicates the
metabolite sets based on the Holm p values and x-axis indicates the fold enrichment. Table on the right shows affected pathways
relevant to significantly enriched metabolite sets, where broad metabolomic shift affecting several pathways can be observed in the
TBI+ vehicle treated group. FDR, false discovery rate. Color image is available online.
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induced somatosensory (S1BF) cerebral blood flow responses in-

dicated substantially changed ipsilateral circuit activity compared

with contralateral two months after TBI. 27 The current fluid per-

cussion induced lateralized TBI model with differential brain

hemispheric metabolomic perturbation and neurodegeneration at

the acute/subacute stage16 translated to proportional morphological

and functional changes at two months after TBI.27,38 Hence, in-

terhemispheric metabolomic comparisons of TBI outcome after

kaempferol treatment enabled the assessment of the potential early

mechanisms leading to the observed long term (2 months post-TBI)

improvement in ipsilateral brain functional activity and behavior. 27

As observed by the current results (Fig. 3–6 and Supplementary

Table S1), untreated and vehicle treated TBI metabolomes showed

comparable metabolic shifts from sham in the ipsilateral hemi-

sphere. This was corroborated by further ipsilateral comparison

between untreated and vehicle treated TBI groups, which showed

no significant differences in PLS-DA (Fig. 7C, D), MetPA, and

MSEA analyses (Fig. 7E, F).

FIG. 7. Ipsilateral metabolic differences between untreated and vehicle treated animals with traumatic brain injury (TBI). (A, B)
There were 4% of the metabolites that showed a twofold change in the ipsilateral hemisphere between untreated and vehicle treated TBI
animals. (C) Partial least squares discriminant analysis (PLS-DA) two-dimensional scores plot, (D) PLS-DA three-dimensional scores
plot showed partial class separation between untreated (red dots) versus vehicle treated TBI (green dots) in the ipsilateral hemisphere.
(E) Metabolic pathway analysis (MetPA): Left panel-node colors are based on p values and node size on pathway impact values. Table
on the right shows affected metabolic pathways. None of the pathways were significantly affected between untreated and vehicle treated
TBI animals. (F) Metabolite set enrichment analysis (MSEA): Left panel of E and F y-axis indicates metabolite sets based on the Holm
p value and x-axis indicates the fold enrichment. Table on the right panel indicates affected pathways relevant to significantly enriched
metabolite sets. None of the pathways were found to be significantly affected between untreated and vehicle treated TBI animals. FDR,
false discovery rate. Color image is available online.
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The DMSO vehicle treatment has been shown to provide a

protective effect by reducing neuronal loss in rodent cerebral is-

chemia models.39 Although an increase in NAA and spermidine

were observed, indicating a possible neuroprotective effect of the

current 10% DMSO in saline vehicle (Fig. 7B), the absence of any

pathway-specific metabolic changes in vehicle treated TBI animals or

behavioral differences (Fig. 2A–D) indicated no significant vehicle-

dependent effects on the TBI metabolome or behavioral outcome.

Kaempferol treatment showed specific effects on several mito-

chondrial oxidative metabolism substrates and products. In vehicle

treated TBI animals versus sham animals, levels of pyruvate, a-KG,

oxaloacetate, and co-factor NAD+ decreased along with increased

citrate levels, signifying a decrease in TCA cycle flux (Supple-

mentary Table S1). Kaempferol treatment, however, reversed the

decline in TBI-induced TCA cycle flux with a relatively more in-

tense ipsilateral impact compared with contralateral (Fig. 9, 10, 11).

Although ipsilateral pyruvate levels did not improve after kaemp-

ferol treatment, levels of acetyl phosphate, a metabolite of pyru-

vate, increased (Fig. 9B). Acetyl phosphate produces acetyl CoA,

acetate, and adenosine triphosphate, all important components and

FIG. 8. Contralateral metabolic differences between untreated and vehicle treated animals with traumatic brain injury. (A, B) Two
percent of the metabolites showed a twofold change in the contralateral hemisphere between untreated and vehicle treated TBI animals.
(C) Partial least squares discriminant analysis (PLS-DA) two-dimensional scores plot, (D) PLS-DA three-dimensional scores plot
showed partial class separation between untreated (red dots) versus vehicle treated TBI (green dots) in the contralateral hemisphere.
(E) Metabolic pathway analysis (MetPA): Left panel-node colors are based on p values and node size on pathway impact values. Table
on the right shows affected metabolic pathways. None of the pathways were significantly affected between untreated and vehicle treated
TBI animals. (F) Metabolite set enrichment analysis (MSEA): Left panel y-axis indicates metabolite sets based on the Holm p value and
x-axis indicates the fold enrichment. Table on the right panel of E and F indicates affected pathways relevant to significantly enriched
metabolite sets. None of the pathways were found to be significantly affected between untreated and vehicle treated animals. FDR, false
discovery rate. Color image is available online.

TBI AND KAEMPFEROL TREATMENT 1273



products of mitochondrial oxidative metabolism. A highly specific

mitochondrial site of action of kaempferol could be inferred by the

selective mitochondrial metabolite changes across both ipsilateral

(Fig. 9) and contralateral hemispheres (Fig. 11).

A TBI leads to a broad spectrum of pathological consequences

ranging from blood–brain barrier, cerebrovascular dysfunction,40

loss of mitochondrial populations followed by excitotoxic neural

death,18,41 microglial proliferation, Ca2+ deregulation and protein

degradation mediated delayed axonal damage,42 proinflammatory

cytokines,43 and post-synaptic modification of neural cir-

cuits.18,41,42,44 Each of these detrimental outcomes, although tem-

porally asynchronous after injury,45 may have early molecular

origins potentially reflected by changes in relevant metabolic

pathways. Hence, preservation of energy metabolism can have

upstream beneficial consequences on several energy requiring

pathways, some of them crucial for cellular repair after TBI.

Recently, we have characterized the relative intensities of dif-

ferent metabolic pathways perturbed because of a developmental

TBI and found energy metabolism (TCA cycle and glycolysis) the

most affected followed by one-carbon/folate, neurotransmit-

ters/neuromodulator, amino acid and fatty acid metabolism (data

not shown). As the TBI pathology is wide ranging,44 presenting

with numerous therapeutic targets, energy metabolic protection as a

treatment strategy may have the highest impact in improving TBI

outcomes because of its stabilizing effect on multiple downstream

pathways.

Amino acid and fatty acid metabolism were significantly im-

pacted by developmental TBI, although relatively lesser in impact

compared with energy metabolism. This indicated continued in-

ability of the injured brain to mobilize lipid constituents for

membrane synthesis related to neural/synaptic integrity or repair.

An important observation in both untreated and vehicle treated TBI

animals was the increased levels of acyl carnitines, indicating re-

duced mitochondrial TCA cycle flux relative to fatty acid, glucose,

and/or amino acid oxidation. The carnitine shuttle is essential to

prevent accumulation of long chain fatty acids and long chain acyl-

CoAs, which are deleterious to neural survival.46 In the developing

brain, the acetyl moiety is oxidized for energy and incorporated into

neurotransmitters and lipids.47 Mitochondria are particularly vul-

nerable to high concentrations of acyl carnitines48 and L-carnitine

supplementation, which restores the carnitine shuttle homeostasis,

has been found to be protective in many neurodegenerative pa-

thologies,46 including pediatric models of TBI.49

The ability of kaempferol to decrease acyl carnitines compared

with vehicle and maintaining their concentrations, similar to sham

levels, indicated the ability of kaempferol to preserve the post-TBI

carnitine shuttle homeostasis. This could lead to beneficial conse-

quences of improved mitochondrial and cellular membrane integ-

rity. Decreased acyl carnitines can also ameliorate oxidative stress,

and we assessed whether significant antioxidative effects of

kaempferol were present at the current 1 mg/kg dose treatments by

observing the ratio of reduced and oxidized forms of glutathione

FIG. 9. Kaempferol treatment on traumatic brain injury (TBI) metabolome in the ipsilateral hemisphere. (A, B) Ipsilaterally, about 7%
of the metabolites showed a two-fold change between vehicle treated and kaempferol treated TBI animals. (C) Partial least squares
discriminant analysis (PLS-DA) two-dimensional scores plot, (D) PLS-DA three-dimensional scores plot showed distinct ipsilateral
class separation between vehicle treated (red dots) versus kaempferol treated TBI animals (green dots). Color image is available online.
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(GSH/GSSG) from the metabolite readouts (Metabolite No.74 and

151, respectively; Supplementary Table S1). Although GSH de-

creased significantly in untreated and vehicle treated TBI when

compared with sham, no significant differences were observed in

the GSH/GSSG ratio in vehicle versus kaempferol treated TBI

conditions. An insignificant antioxidant effect of kaempferol at the

current dose of 1 mg/kg was expected because antioxidative effects

of kaempferol become significant only at relatively larger dose

ranges as discussed in our previous study.27

Maintained mitochondrial ion homeostasis by facilitating mi-

tochondrial Ca2+ uptake and cycling through kaempferol-induced

enhancement of the mCU channel activity50,51 seemed to preserve

mitochondrial integrity/function and oxidative metabolism after a

developmental TBI. The improved energy metabolic state after

TBI, advantageous to several secondary cellular repair processes,

resulted in improved neural viability and behavioral outcomes

(Fig. 2). Because the behavioral experiments were unblinded, po-

tential observer bias was a limitation. The effect sizes of the be-

havioral differences, however, were sufficiently large that this

confound may not significantly affect the conclusions.

Conclusions

The acute/subacute stage metabolome of untreated, vehicle, and

kaempferol treated TBI groups indicated a predominantly mito-

chondrial mechanism of action of kaempferol. While the primary

effect of kaempferol was on mitochondrial oxidative metabolism

indicated by high impact in the MetPA and MSEA analyses, other

FIG. 10. Kaempferol treatment improved ipsilateral oxidative metabolism in TBI animals with traumatic brain injury (TBI). (A)
Metabolic pathway analysis (MetPA): Left panel-node colors are based on p values and node size on pathway impact values. Table on
the right shows significantly affected metabolic pathways. (B) Metabolite set enrichment analysis (MSEA): Left panel y-axis indicates
the metabolite sets based on the Holm p values and x-axis indicates the fold enrichment. Table on the right shows affected pathways
relevant to significantly enriched metabolite sets. The tricarboxylic acid cycle metabolites seem to be prominently affected by
kaempferol treatment. FDR, false discovery rate. Color image is available online.

‰

FIG. 11. Kaempferol treatment on traumatic brain injury (TBI) metabolome in the contralateral hemisphere. (A, B) Contralaterally,
about 1.5% of the metabolites showed a twofold difference between vehicle and kaempferol treated TBI animals. (C) Partial least
squares discriminant analysis (PLS-DA) two-dimensional scores plot, (D) PLS-DA three-dimensional scores plot showed partial class
separation between vehicle treated (red dots) versuss kaempferol treated TBI animals (green dots) in the contralateral hemisphere.
(E) Metabolic pathway analysis (MetPA): Left panel-node colors are based on p values and node size on pathway impact values. Table
on the right shows significantly affected metabolic pathways. None of the pathways were significantly affected. (F) Metabolite set
enrichment analysis (MSEA): Left panel y-axis indicates the metabolite sets based on the Holm p values and x-axis indicates the fold
enrichment. Table on the right shows affected pathways relevant to significantly enriched metabolite sets. None of the pathways were
significantly affected. FDR, false discovery rate. Color image is available online.
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significant effects of maintained carnitine shuttle homeostasis,

beneficial to mitochondrial integrity, were also observed. Conse-

quently, an improved neural viability (i.e., higher NAA levels)

corresponded with improved behavioral outcomes after kaempferol

treatment. As a dietary flavonol compound, the safety of kaemp-

ferol has been well established in humans.52 Further, kaempferol

treatments improving TBI outcomes in the current study were

within the dose limits demonstrated to be safe for humans. Because

early-stage kaempferol treatment has demonstrated long-term

benefits on brain functional and behavioral outcomes in the pre-

clinical rat model of developmental TBI,27 kaempferol based

treatments can translate potentially to developmental age patients

with TBI.
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