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Abstract

To shed light on the impact of systemic physiology on the pathology of traumatic brain injury
(TBI), we examine the effects of TBI (concussive injury) and dietary fructose on critical aspects of
lipid homeostasis in the brain and liver of young-adult rats. Lipids are integral components of
brain structure and function, and the liver has a role on the synthesis and metabolism of lipids.
Fructose is mainly metabolized in the liver with potential implications for brain function.
Lipidomic analysis accompanied by unbiased sparse partial least squares discriminant analysis
(sPLS-DA) identified lysophosphatidylcholine (LPC) and cholesterol ester (CE) as the top lipid
families impacted by TBI and fructose in the hippocampus, and only LPC (16:0) was associated
with hippocampal-dependent memory performance. Fructose and TBI elevated liver pro-
inflammatory markers, interleukin-1a (IL-1a.), Interferon-y (IFN-y) that correlated with
hippocampal-dependent memory dysfunction, and monocyte chemoattractant protein-1 (MCP-1)
positively correlated with LPC levels in the hippocampus. The effects of fructose were more
pronounced in the liver, in agreement with the role of liver on fructose metabolism and suggest
that fructose could exacerbate liver inflammation caused by TBI. The overall results indicate that
TBI and fructose interact to influence systemic and central inflammation by engaging liver lipids.
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The impact of TBI and fructose diet on the periphery provides a therapeutic target to counteract
the TBI pathogenesis.
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Introduction

Traumatic brain injury (TBI) is a health burden in civilian and military populations in which
severe cognitive and emotional deficits can evolve to serious neuropsychiatric disorders.
Brain contains the second highest concentration of lipids in the human body, in which lipids
are main components of plasma membranes, myelin sheaths, and provide signaling
infrastructure to events underlying higher order functions such as learning and memory [1,
2]. Alterations in brain lipid and their downstream products is an important burden in the
TBI pathology [3], and this is an understudied area of research. An additional complication
is that dietary factors affect lipid homeostasis and function acting at various levels in the
brain and body. The liver plays a critical role on lipid metabolism with the potential to
influence brain function [4, 5], and the extent of the TBI pathology [6]. New evidence
suggests that the liver plays a role in the acute inflammatory response to TBI [7-9]. In turn,
recent studies indicate that concussive brain injury in rodents causes disruptions in lipid
homeostasis in the liver, with subsequent effects on inflammatory events across body and
brain [9, 10]. The double effects of TBI on brain and liver has prompted us to evaluate how
TBI coordinate its effects in the regulation of lipid homeostasis in brain and liver, and how
this interplay could be influenced by fructose.

Fructose is widely consumed in the Western society but has only recently been recognized as
a powerful contributor to the current epidemic of metabolic disorders [11]. A fructose diet
affects lipid peroxidation in the brain [12] and the liver [10], and neuronal plasticity and
signaling are compromised in the brain [13]. The fact that fructose is metabolized in the liver
makes of fructose a critical instigator of lipid disorders as observed on non-alcoholic fatty
liver disease (NAFLD) and systemic inflammation [14, 15] and the devastating neurological
sequel of hepatic neuropathy [16, 17]. Proper liver function is crucial for brain plasticity
since several brain lipids are metabolized or processed in the liver [18]. The liver is the
primary organ for converting excess of carbohydrates into fatty acids and triglycerides [19],
which are exported to other tissues such as brain [20]. The current studies provide
information about the action of fructose in the TBI pathology acting on the brain and liver,
with translational relevance for the design of dietary programs to reduce the burden of TBI.

The metabolism of brain lipids is tightly regulated through a liver-brain interaction in which
the autonomic nervous system plays a crucial role. Liver dysfunction can be aggravated by
consumption of fructose as fructose is mainly metabolized in the liver where is converted
into fatty acids that can reach the brain and expand the inflammatory reaction started in the
periphery [21, 22]. Lysophosphatidylcholine (LPC) is a major component of oxidized low-
density lipoprotein, and is produced by hydrolysis of Phosphatidylcholine (PC) under the
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action of phospholipase A (cPLA2). LPC has a pro-inflammatory action, and it has been
associated with atherosclerosis [23, 24], diabetes [25] and liver disease [26], and its levels
are increased in plasma of Alzheimer’s disease (AD) patients [27] and in the brain of an AD
mice model [28]. In turn, cholesterol ester (CE) has important actions on brain cellular
signaling, metabolic disease, and inflammation especially in the context of
neurodegeneration [29, 30].

2. Methods

2.1 Animals

Male Sprague-Dawley rats (Charles River Laboratories) were housed in polyacrylic cages
and maintained under standard housing conditions, with 12 h light/dark cycle. All
experiments were performed in accordance with the United States National Institutes of
Health Guide for the Care and Use of Laboratory Animals. The animal studies and
experimental procedures were approved by the University of California at Los Angeles
Chancellor’s Animal Research Committee (ARC). Rats were randomly assigned to either
regular or fructose (15 % v/v) drinking water for 3 weeks before they received FPI.

2.2 Fluid Percussion Injury (FPI)

In brief, animals were anesthetized by using a Laboratory Animal Anesthesia System
(\VetEquip Inc., CA, USA) that provides a mixture of isoflurane and oxygen. Animals were
maintained in a deep anesthetic state during surgery with 2-5% isoflurane mixed with 100%
02 at a flow rate of 0.4 I/min via nose cone.3.0 mm-diameter craniotomy was made over the
left parietal cortex, 3.0mm posterior to bregma, and 6.0mm lateral (left) to the midline with
a high-speed drill (Dremel, W1, USA). A plastic injury cap was placed over the craniotomy
with dental cement. When the dental cement hardened, the cap was filled with 0.9% saline
solution. Anesthesia was discontinued and the injury cap was attached to the fluid
percussion device. At the first sign of hind-limb withdrawal to a paw pinch, a moderate fluid
percussion pulse (2.7 atm) was administered to the epidural space. Immediately upon
responding to a paw pinch, anesthesia was restored, and the skull was sutured. Neomycin
was applied on the suture and the rats were placed in a heated recovery chamber before
being returned to their cages. Sham animals underwent an identical preparation with the
exception of the lesion. Moderate FPI was used based on its capacity to model concussive
brain injury involving minimal neuronal death and bleeding while resulting in reproducible
cognitive impairment [31, 32].

2.3 Barnes Maze test

Animals were trained with two trials per day for five consecutive days to locate a dark
escape chamber hidden underneath a hole positioned around the perimeter of a disk on the
Barnes maze (BM). A trial was started by placing the animal at the center of the maze
covered under a cylindrical start chamber; after a 10s delay, the start chamber was raised.
The disk was brightly illuminated by four overhead halogen lamps to provide aversive
stimulus. A training session ended after the animal had entered the escape chamber or when
a pre-determined time (5 min) had elapsed, whichever came first. Rats were then randomly
assigned to fructose feeding or water for 3 weeks. FPI was then performed in half of the
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animals and memory retention (two trials) was evaluated 10 days later. We measured the
latency to the first approach to the target hole to evaluate memory performance. The maze
was manufactured from acrylic plastic to form a disk 1.5 cm thick and 115 ¢cm in diameter,
with 18 evenly spaced 7 cm holes at its edges. All trials were recorded simultaneously by a
video camera installed directly overhead at the center of the maze.

2.4 Tissue collection

10 days after FPI the animals were killed immediately by decapitation and the fresh brains
and livers were dissected out and stored at —=70°C until use.

2.5 Lipidomic analysis

50-100 mg of tissue were collected in tube pre-loaded with 2.8mm ceramic beads (Omni
#19-628). Tissue is homogenized with PBS in the Omni Bead Ruptor Elite (3 cycles of 10
seconds at 5 m/s with a 10 second dwell time), and 3-6mg of homogenate were used for
extraction (Bligh and Dyer extraction (Bligh, 1959)). Prior to biphasic extraction, a 13-lipid
class Lipidyzer Internal Standard Mix is added to each sample (AB Sciex, 5040156).
Following two successive extractions, pooled organic layers were dried in a Genevac EZ-2
Elite. Lipid samples were resuspended in 1:1 methanol/dichloromethane with 10mM
Ammonium Acetate and transferred to robovials (Thermo 10800107) for analysis. Samples
were analyzed on the Sciex Lipidyzer Platform for targeted quantitative measurement of
1100 lipid species across 13 classes. Differential Mobility Device on Lipidyzer is tuned with
SelexION tuning kit (Sciex 5040141). Data analysis performed on Lipidyzer software and
quantitative values were normalized to mg amounts used.

2.6 Western-Blot analysis

The tissues were homogenized in lysis buffer containing 137 mM NaCl, 20 mM Tris—HCI
pH 8.0, 1%NP40, 10% glycerol, 1 mM phenylmethylsulfonylfluoride (PMSF), 10 pg/ml
aprotinin, 0.1 mM benzethonium chloride, 0.5 mM sodium vanadate. The homogenates were
then centrifuged at 120009 (4C) for 30 min; the supernatants were collected, and total
protein concentration was determined according to MicroBCA procedure (Pierce, IL, USA),
using bovine serum albumin (BSA) as standard. Briefly, 20 g of total hippocampus protein
or 25 g of total liver protein was loaded in each well and separated by electrophoresis either
on a 10% polyacrylamide gel or 4-15 % gel for ApoB (Biorad #4561086). Proteins were
then transferred to a PVDF membrane (Millipore, MA, USA). Non-specific binding sites
were blocked in Tris-buffered saline (TBS), pH 7.6, containing 5% non-fat dry milk.
Membranes were rinsed in buffer (0.05% Tween-20 in TBS) and then incubated with one of
the following specific primary antibodies anti-P-cPLA2 (SCT, 2831), anti-cPLA2 (SCT,
2832) anti-FAS (sc-48357), anti-ABCAL (Novus NB 400-105), anti-ApoB (NB, 200-527)
and anti-B-actin (sc-1616) or followed by anti-rabbit or anti-goat or anti-mouse 1gG
horseradish peroxidase-conjugate (1:10,000; Santa Cruz Biotechnology, CA, USA). After
rinsing with buffer, the protein bands were detected using a chemiluminescent HRP
substrate kit (WBKLS0500, Millipore). The membranes were scanned (Image Lab Software,
Version 3.0, Bio Rad). The relative density of each band of interest was measured with the
software Image J v 1.51. The intensity of the interest band was normalized to p-actin.
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2.7 Rat cytokines detection

Cytokines in the liver were detected using a rat cytokine antibody array-membrane kit ab
133991 (abcam, MA), according to manufacturer protocol. The commercial Rat Cytokine
Antibody Array detects both the precursor (uncleaved) and the cleaved mature form of
IL-1a as the immunogen used to produce the antibodies is located within amino acids
115-270. For MCP-1 the full-length protein was used as immunogen to generate the
antibody and the supplier cannot ascertain whether it is the cleaved or uncleaved form or
both that is/are detected with ab133991. Briefly, liver tissue was homogenized in cell lysis
buffer, 250 ug of total liver proteins was used, and membranes were scanned using
chemiluminescence detection (Biorad). We measure the density of each spot in the array
using Image J (v 1.51) and calculated the abundance of each cytokine normalized to the
positive control.

2.8 Statistical Analysis

All groups were compared by multivariate analysis (sparse partial least squares discriminant
analysis, SPLS-DA) to determine the lipid profile of each group. The abundance of each
lipid, behavioral changes, and protein levels in the hippocampus and the liver were analyzed
using a two-way ANOVA followed by Fisher LSD post-hoc (p<0.05). Pearson correlation
analysis was performed to assess associated among variables such as latency, lipid levels and
cytokines levels. The data are presented as mean + EMS, n =5-6 per group. The lipidomic
data was analyzed in R 3.6.1 using MixOmics package and Graph Pad Prism 7.

3. Results

3.1 TBIl and fructose consumption affect lipid species in the brain

Sparse partial least squares discriminant analysis (SPLS-DA) discriminated lipid profile
separation on conglomerates of lipid species in response to the combined effects of TBI and
fructose as is shown in the score plot (Fig. 1 A). The same analysis identified 60 over a total
of 261 lipid species in the hippocampus. In particular, lipid species from the combination of
both TBI and fructose (TF) showed a distinct lipid profile relative to the SW group (Fig.
1A). Specific lipid species such as LPC (16:0), CE (16:0), CE (20:4), CE (18:1) showed a
higher contribution to the separation between the groups as evidenced in the top 30 lipid
species according to comp2 values of sSPLS-DA (Fig. 1B), in which, LPC appeared as the
top contributor to the separation.

Subsequent quantitative lipidomic analysis identified numerous lipid classes in the
hippocampus (Fig. 1C), including Lysophosphatidylcholine (LPC),
Lysophosphatidylethanolamine (LPE), Phosphatidylcholine (PC), Phosphatidylethanolamine
(PE), Sphingomyelin (SM), Cholesterol ester (CE), Ceramides (CER), Diacylglycerol
(DAG), Dihydroceramides (DCER), Free fatty acids (FFA), Hexosyl ceramides (HCER),
Lactosyl ceramides (LCER) and Triglyceride (TAG). The actions of TBI and fructose diet
were evidenced by increased levels of LPC, PE and CE lipid classes in response to TBI and
fructose diet (TF) compared with sham/water group (SW) (Fig. 1C, *p < 0.05).
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3.2 Effects of fructose and TBI on levels of LPC and cholesterol ester (CE) species in the
hippocampus

The hippocampus is the main locus for the processing of spatial memory in the brain, and
specific lipids may provide structural and signaling support. We used quantitative lipidomic
to assess abundance of specific lipid species belonging to LPC and CE main lipid classes
that contributed to the lipid profile separation. We assessed seven LPC species according to
their fatty acyl composition, including saturated, monounsatured and polyunsaturated
species (Fig. 2A). As predicted by the sPLS-DA profile analysis, quantitative lipidomic
revealed a significant increase in LPC (16:0) and LPC (18:1) (Fig. 2A) contents in the
hippocampus of the TF group as compared to SW and sham/fructose (SF) (*p<0.05) groups.
In addition, we found that three species of CE (Fig. 2B): CE (16:0), CE (18:1), CE (22:6)
were more abundant in the TF group as compared to SW or sham/fructose (SF) groups
(*p<0.05; Fig. 2B) and compared to TBI/water group (TW) (#p<0.05; Fig. 2B). The analysis
did not yield significant effects of TBI and fructose on any given specific PE species (data
not shown) besides the effects on the total PE class.

3.3 Hippocampal LPC (16:0) levels changed in proportion to BM performance

The latency to find the escape hole in the BM serves as an indicator of memory
performance, and trended to be higher in the TW group compared to the SW (tp = 0.09),
while the TF-group showed a latency significantly higher than SW-group (*p<0.05, Fig. 3
A). Next, we sought to determine a possible association between the two main lipid classes
(LPC, CE) identified with the SPLS-DA vsbehavior. Correlation analysis showed that
escape latency changed in proportion with LPC 16:0 concentration (R=0.44, p=0.03; Fig. 3
B) but not with regards to CE 20:4 concentration (R=0.22, p=0.32; Fig. 3C). These results
suggest that the proinflammatory action of LPC 16:0 could interfere with memory function.
Given that LPC was the only lipid specie associated with behavior, the subsequent analysis
was devoted to determine main aspects of the possible regulation of LPC along our
paradigm.

3.4 Action of fructose and TBI on select pro-inflammatory markers in liver and possible
association with brain function

Given that fructose is largely metabolized in the liver, we wanted to examine possible effects
of the interventions on lipid inflammation that could influence the brain. We evaluated the
effects of the interventions on cytokine levels including interferon-y (IFN-y), interleukin 1-
a (IL-1a), tumoral necrosis factor- a (TNF-a)), and monocyte chemoattractant protein-1
(MCP-1) in the liver. We found that the combination of TBI and fructose (TF-group)
elevated IFN-vy, IL-1a and MCP-1 levels in comparison to SW-group (*p<0.05, Fig. 4 A).
We used regression analysis to evaluate a possible association between liver inflammation
and latency to find the escape hole in the BM test. Results showed that the latency in the BM
changed in proportion to levels of IL-1a, (R=0.51, p=0.015; Fig. 4B) and TNF-a, R=0.40,
p=0.06; Fig.4C). In addition, we searched for possible associations between the pro-
inflammatory markers and levels of hippocampal LPC (16:0) and CE (16:0, 18:1, 20:0). We
found a positive correlation between levels of liver MCP-1 and hippocampal LPC (R=0.48,
p=0.024; Figure 4D) but not CE.
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3.5 Differential effects of fructose/TBIl on cPLAZ2 in the hippocampus vs liver

LPC is mainly generated by the hydrolysis of Phosphatidylcholine (PC) involving the action
of phospholipase cPLAZ2, acting on the brain and liver. We sought to determine possible
differential effects of TBI and fructose on brain vs. liver. Liver is a major site for the
synthesis of phospholipids and has the potential to act as a gate for the action of fructose on
the brain. We assessed total levels of cPLA2 and its phosphorylated form (P-cPLA2), and
the ratio (P-cPLA2/cPLAZ2) to get insight about the actions of TBI and fructose on cPLA2
activation. Levels of P-cPLA2 were significantly increased only under the action of TBI
(TW-group) compared to SW-group (*p<0.05; Fig. 5A) in the hippocampus. In turn, in the
liver, the ratio P-cPLA2/cPLA2 was increased in the TW-group and TF-group compared to
SW-group (***p<0.001, **p<0.01, Fig. 5B). These results seem to indicate that the liver
cPLA2 is more vulnerable to the action of fructose, in agreement with a mayor role of liver
on fructose metabolism, with implications for brain function.

3.6 Fructose and TBI affect lipid transport systems in the liver

Given that the liver is an important station for the metabolism of fructose, we sought to shed
light on how fructose and TBI affects systems involved with lipid export from liver. Levels
of the lipogenic enzyme fatty acid synthase (FAS) were increased by fructose consumption
in both SF and TF groups as compared to their control groups (*p<0.05 vs SW group and
#p<0.05 vs TW group, Fig. 6A). Liver lipids are packaged into VLDLSs particles that are
released into the blood stream such that assessment of VLDLSs particles provide an estimate
of lipid export from the liver. ApoB100 is a main lipoprotein present in VLDL which levels
can be used to estimate changes in VLDL and its transport from liver [33], and we used to
have an indication of the impact of TBI and fructose on VLDL. Results showed that fructose
was vital to elevate the synthesis of ApoB100 (**p<0.01 vs SW group, # p<0.05 vs TW
group; Fig. 6B) and ApoB48 (**p<0.01 vs SW group, # p<0.05 vs TW group; Fig. 6C) in
both SF and TF-groups compared to their respective control groups. ATP-binding cassette
transporter A1 (ABCAL) is engaged in the transport of lipids such as cholesterol and
phospholipid across the plasma membrane. There was a statistical interaction (F (1,20) =
24.99, p<0.0001) between the effects of diet and injury (Fig. 5D), and ABCA1 levels were
elevated in the TW-group as compared with the SW-group (*p<0.05, Fig. 6D). In addition,
fructose potentiated the effects of TBI on ABCAL levels in the TF group (### p<0.001 vs
TW-group, ***p<0.001 vs SW-group, Fig. 6D). Interestingly, the liver levels of ABCA1
positively correlated with hippocampal levels of LPC (16:0) (R =0.48, p=0.017, Fig. 6E),
which could indicate that brain LPC benefits from transport of phospholipids across liver
plasma membranes.

Discussion

Lipids are major structural components of brain, crucial for cell communication, and
involved in higher order functions during homeostatic and disease conditions. Emerging
evidence indicates that a disruption in lipid homeostasis poses a heavy toll for brain function
and can contribute to the pathogenesis of TBI [3, 34]. In addition, the fact that lipid
homeostasis in the liver is under the range of action of dietary sugars, makes it crucial to
better understand how diet interacts with the TBI pathology. Our results show that TBI and
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fructose have critical actions on lipid homeostasis in the brain and liver. Based on lipidomic
analysis accompanied by unbiased sPLS-DA, we found that LPC and CE were the top lipid
classes impacted by TBI and fructose in the hippocampus; however, LPC was the only lipid
species associated with memory performance. The effects of fructose were more pronounced
in the liver, in agreement with the role of liver on fructose metabolism. Correlation analysis
showed that levels of select pro-inflammatory markers in the liver increased in proportion to
hippocampal-dependent memory dysfunction. We found that fructose collaborates with TBI
to influence systems that transport lipids from liver to bloodstream and could make lipids
more accessible to brain. This interaction is particularly important for disease stages
involving a breakdown of the blood brain barrier (BBB) such as the case of TBI [35].
Moderate FPI was chosen to assay our paradigm based on its capacity to model concussive
head injury involving minimal neuronal death while resulting in reproducible neurological
symptoms, including cognitive impairment [31, 32]. We used the Barnes maze to assess
hippocampal-dependent function by testing learning and memory[36]. The overall results
suggest that peripheral physiology is a confluent target for the effects of TBI and fructose
diet, and that systemic dysfunction could, in turn, influence brain pathogenesis.

Lipids and cognitive dysfunction.

Brain lipids provide support to several molecular processes underlying higher order
functions such as learning and memory [1, 2]. Our results showed that LPC levels changed
in proportion to memory performance in the hippocampus (a region deeply involved in
learning and memory), in which higher levels of LPC (16:0) were associated with worse
performance. The detrimental impact of LPC in the pathogenesis of TBI was exacerbated by
consumption of the fructose diet. These results are in general agreement with recent studies
showing that LPC injection into the brain of rodents caused cognitive deficit [37, 38]. Our
findings have enormous implications for the control of TBI pathogenesis as LPC has a pro-
inflammatory action in the brain and the liver, and because of the fact that inflammation is
an underlying mechanism for disruption of cell function and plasticity.

LPC is produced by the hydrolysis of phosphatidylcholine (PC) under the action of
phospholipase A2 (PLA2) [39]. Therefore, elevated activation of cPLA2 in response to TBI
in the hippocampus could have been operational to increase the levels of LPC and
inflammation. A recent study shows that cPLA2 in membranes of lysosomes increases LPC
(16:0) and promotes neurodegeneration through inhibition of autophagy in a brain injury
model [40]. LPC has been implicated in other neurological disorders including multiple
sclerosis, stroke and Alzheimer’s disease [41-43]. In addition, LPC fosters demyelination in
spinal cord [44], and microglial cells are main conveyor of an inflammatory environment
[42]. The differential actions of LPC on tissues depend primarily on the degree of saturation
of the LPC acyl chain. The saturated acyl LPC form has been shown to promote
inflammation [45], while the polyunsaturated acyl LPC reverses the saturated acyl LPC-
induced inflammation [46]. In the present study, TBI and fructose diet primarily increased
the levels of saturated acyl LPC (16:0) in the hippocampus, which is pro-inflammatory.
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Effects of TBI and fructose on liver

Our results show that levels of phosphorylated cPLA2 were also elevated in the liver of
rodents exposed to TBI and that fructose exacerbated the action of TBI. The fact that
fructose had a larger effect on the liver is in general agreement with abundant evidence that
dietary fructose is largely metabolized in the liver (see FGP, Royes, BBA 2020, in press). In
addition, the action of cPLAZ2 in the liver has been deemed important for secretion of liver
lipids, particularly LPC. PC is required for hepatic very low-density lipoprotein (VLDL)
assembly and secretion [47]. LPC is derived from the turnover of PC by involving the
enzymatic action of cPLA2, and promotes hepatic VLDL production and its subsequent liver
secretion [48, 49]. The overall evidence suggests that LPC synthesis and metabolism could
be co-regulated in the brain and liver in the pathogenesis of TBI, and that fructose can have a
preponderant action on the liver.

We assessed levels of various molecules with recognized role on lipid liver homeostasis to
gain insight into the role of liver on the TBI pathogenesis. Our results showed that fructose
diet elevates synthesis of the lipogenic enzyme fatty acid synthase (FAS), and ApoB-100
that is required for the synthesis and secretion of VLDL from liver to blood. Transport of
lipids across plasma membranes is crucial for lipid function, and a highly regulated process.
We found an increment of ABCAL levels in the liver of the TW-group and the effect was
exacerbated by fructose. ABCAL is a member of the ABC transporter family that enables
lipids such as cholesterol and phospholipids across the membrane [50]. ABCAL transporter
is involved in the regulation of cholesterol and phospholipids efflux from hepatocytes to
plasma [51]. Serum amyloid A (SAA) is a liver protein that is elevated during the acute
phase of TBI, and is involved in systemic and central inflammation [7, 8]. Recent studies
show that SAA promotes cholesterol and phospholipid efflux involving the action of
ABCAL [52, 53]. Our results additionally show that levels of liver ABCA1 changed in
proportion to hippocampal LPC levels and suggest the possibility that TBI and fructose may
influence lipid mobilization and lipoprotein metabolism in the liver with implications for the
central inflammatory response. There is evidence of communication between the brain with
the liver in a bidirectional manner to regulate hepatic lipid metabolism and lipoprotein
production [54].

Effects of fructose and TBI on pro-inflammatory systems in liver

Cytokines are critical components of the acute inflammatory response in the liver [55], and
our results show that TBI and fructose elevate pro-inflammatory cytokines such as IFN-y,
IL-1a and the chemokine MCP-1. The systemic production of cytokines and chemokines by
the liver is an essential aspect of the inflammatory secondary response to injury with
subsequent effects on brain [56]. LPC (16:0) has been shown to induce the synthesis and
secretion of pro-inflammatory cytokines in macrophages [57, 58]. Our results showing that
memory deficit correlated with IL1-a and TNF-a levels suggest that systemic inflammation
may contribute to disrupt cognitive function, and these results shed light to observations that
systemic inflammation is commonly associated with loss of neurological function in TBI
patients [59, 60]. In addition, results showing that levels of liver MCP-1 changed in
proportion to levels of hippocampal LPC (16:0) suggest a link between liver inflammation
and brain LPC. Increases in BBB permeability after TBI [61, 62] result in influx of immune
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cells, and serum proteins from blood, and provide a route for liver-brain communication
with inflammatory consequences [56]. LPC levels have been found elevated in the liver of a
non-alcoholic steatohepatitis (NASH) mice model [26], and in plasma of AD patients [27].

An increasing line of clinical and experimental evidence indicates that high fructose
consumption correlates with rising rates of neurologic disorders [63]. Research so far
indicates that fructose can directly affect the brain [64]; however, the fact that most fructose
is metabolized in the liver makes of liver as a crucial mediator for the action of fructose on
brain [65]. The liver plays a critical role on lipid metabolism with the potential to influence
brain function [4, 5], and the extent of the TBI pathology [6] (see Figure 7). Given the
essential role of lipids for neuronal signalling and overall brain function [66], lipid
dysfunction can have devastating consequences for the outcome of TBI pathology. The
results of this study are critical for prevention and managing of TBI pathogeneis.

Conclusions

We sought to shed light how TBI pathogenesis can involve the brain and systemic
physiology. Our results show that TBI in lipid metabolism in the brain and liver, and that a
fructose diet exacerbate the action of TBI, particularly in the liver. The action of liver on
lipid metabolism seems crucial for control of brain function after TBI. LPC (16:0) appears
as a lipid species highly susceptible to the action of TBI and fructose, and results suggest
loss of lipid homeostasis as a possible route by which periphery can harm the brain. Results
show that LPC brain levels are associated with cognitive dysfunction, and that liver
inflammation may contribute to brain dysfunction. Fructose appears as an important
modulator of brain function and plasticity, which action on liver can amplify TBI
pathogenesis. These results suggest a series of future studies to mechanistically show how
liver byproducts of lipid metabolism could influence the brain in the TBI pathogenesis.
These results are important for building prevention programs based on diet to improve
outcome in TBI patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. TBI affects select lipid species in the brain

2. Levels of hippocampal lysophosphatidylcholine are proportional to memory
deficit

3. Fructose exacerbates the effects of TBI on the lipid metabolic machinery in
liver

4, Select hepatic pro-inflammatory cytokines levels are proportional to memory
defict

5. Lysophosphatidylcholine appears as mediator between liver and brain in
response to TBI and fructose
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Figure 1. Lipidomic analysis showing the effects of TBI and fructose consumption in the
hippocampus.

(A) Score plot of the sparse partial least squares analysis (SPLS-DA) showing the lipid
profile of each experimental group. (B) Top 30 lipid species according to loading 2 values of
the sSPLS-DA. (C) shows concentrations of each lipid class in the different experimental
groups. 2-way ANOVA with Fisher’s LSD post-test (*p<0.05 vs SW-group), Abbreviations:
LPC, Lysophosphatidylcholine, LPE, Lysophosphatidylethanolamine, PC,
Phosphatidylcholine, PE, Phosphatidylethanolamine, SM, Sphingomyelin, CE, Cholesterol
ester, CER, Ceramides, DAG, Diacylglycerol, DCER, Dihydroceramides,FFA, Free fatty
acids, HCER, Hexosyl ceramides, LCER, Lactosyl ceramides, TAG, Triglyceride. Animal
groups: SW, Sham-Water; SF, Sham-Fructose; TW, TBI-Water; TF, TBI-Fructose.
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Figure 2. Altered concentrations of Lysophosphatidylcholine (LPC, A) and Cholesteryl esters
(CE, B) species in the hippocampus in response to TBI and fructose.

(A) Concentrations of LPC (A) and CE (B) species according to fatty acyl composition.
Statistical significance was evaluated by 2-way ANOVA with Fisher’s LSD post-test
(*p<0.05 vs SW group and SF group, # p<0.05 vs TW group).
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Figure 3. LPC (16:0) levels change in proportion to BM performance.

(A) Latency to find the escape hole during memory test in BM. 2-way ANOVA with Fisher’s
LSD posttest (*p<0.05 vs SW) (T p = 0.09 vs SW). (B) Correlation analysis using the
latency as a variable versus the concentration of LPC (16:0) (Pearson correlation, R=0.44,
p=0.03). (C) Correlation analysis using the latency as a variable versus the concentration of

CE (20:4) (Pearson correlation, R=0.22, p=0.32)
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Figure 4. Effects of TBI and fructose on pro-inflammatory cytokines (IFN-y, IL-1a, MCP-1,
TNF-a) in the liver

(A); 2-way ANOVA with Fisher’s LSD post-test (*p<0.05 vs SW group). (B) Correlation
analysis using the latency as a variable shows association between IL-1a (R=0.51, p=0.015)
and TNF-a (C, R=0.40, p=0.06) levels with memory performance. (D) Correlation analysis
shows association between MCP-1 and LPC (16:0) levels (R= 0.48, p=0.024). Pearson
correlation, n=5-6 per group.
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Figure 5. Altered activation of cPLAZ2 in the hippocampus and liver in response to TBI and

fructose.

(A) Quantification of ratio from p-cPLA2/cPLAZ2 in the hippocampus for each experimental
group. (B) Quantification of ratio P-cPLA2/cPLAZ2 in the liver for each group. n=6 per

group. 2-way ANOVA with Fisher LSD posttest, *p<0.05, **p<0.01, ***p<0.

001 vs SW-

group. The uncropped western blots are shown in the supplementary information

(Supplementary Figure 1).
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Figure 6. Lipid metabolism in the liver in response to TBI and fructose.
(A) Quantification of Fatty acid synthase (FAS; A), ApoB-100 (B), (C) ApoB-48 (C), and
ABCAL1 (D) in the liver. n=6 per group. 2-way ANOVA with Fisher’s LSD posttest,
(*p<0.05, **p<0.01, *** p<0.001 vs SW-group, #p<0.05, ### p<0.001 vs TW-group). The
uncropped western blots are shown in the supplementary information (Supplementary Figure
2). (E) Correlation analysis shows association between ratio ABCAZ1/actin and LPC 16:0

levels (R=0.48, p=0.017).
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Figure 7. Proposed mechanisms by which brain interacts with liver in response to the actions of
TBI and fructose.

The effects of TBI on brain function and plasticity involve the action of liver on lipid
metabolism. Lysophosphatidylcholine (LPC) is a lipid inflammatory mediator that it is
derived from the turnover of phosphatidylcholine (PC) involving cPLA2 and secreted as
component of very low-density lipoprotein (VLDL). TBI in combination with fructose diet
alter lipid species in the brain such as LPC (16:00) that uses precursor molecules
synthesized in the liver. The liver is a main target for the action of fructose and then fructose
byproducts can influence TBI pathogenesis. Fructose increases the secretion of VLDL to the
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blood and could promote the conversion of PC to LPC by cPLA2. The hepatic ABCA1
transporter exports cholesterol and phospholipids such as LPC from liver to the bloodstream.
Thereby, fructose can help LPC to reach the brain and to amplify brain degeneration started
by TBI with subsequent effects on cognitive performance. TBI and fructose induce systemic
inflammation that can affects the brain, i.e., TBI stimulates the release of pro-inflammatory
cytokines from liver which are transported into brain, taking advantage of a breakdown of
the blood brain barrier (BBB). Brain inflammation can enhance degenerative events
resulting in cognitive dysfunction, demyelination, and cell degeneration.
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