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Proteomic analysis identifies 
plasma correlates of remote 
ischemic conditioning 
in the context of experimental 
traumatic brain injury
Maha Saber1,2, Khyati V. Pathak3, Marissa McGilvrey3, Krystine Garcia‑Mansfield3, 
Jordan L. Harrison1,2, Rachel K. Rowe1,2,4, Jonathan Lifshitz1,2,4,5* & Patrick Pirrotte3,5

Remote ischemic conditioning (RIC), transient restriction and recirculation of blood flow to a limb 
after traumatic brain injury (TBI), can modify levels of pathology‑associated circulating protein. This 
study sought to identify TBI‑induced molecular alterations in plasma and whether RIC would modulate 
protein and metabolite levels at 24 h after diffuse TBI. Adult male C57BL/6 mice received diffuse TBI 
by midline fluid percussion or were sham‑injured. Mice were assigned to treatment groups 1 h after 
recovery of righting reflex: sham, TBI, sham RIC, TBI RIC. Nine plasma metabolites were significantly 
lower post‑TBI (six amino acids, two acylcarnitines, one carnosine). RIC intervention returned 
metabolites to sham levels. Using proteomics analysis, twenty‑four putative protein markers for TBI 
and RIC were identified. After application of Benjamini–Hochberg correction, actin, alpha 1, skeletal 
muscle (ACTA1) was found to be significantly increased in TBI compared to both sham groups and TBI 
RIC. Thus, identified metabolites and proteins provide potential biomarkers for TBI and therapeutic 
RIC in order to monitor disease progression and therapeutic efficacy.

Traumatic brain injury (TBI) is a nondiscriminatory event that can affect any person at any age with any medical 
background. Approximately 69 million people sustain a TBI annually  worldwide1. In the United States alone, 2.87 
million people suffer from TBI each year, and from those, approximately 288,000 patients are hospitalized, 56,800 
people die, and over 90,000 live with permanent disabilities (CDC). Those that survive the initial insult can suffer 
from chronic cognitive issues and neurodegenerative diseases. A single episode of TBI can trigger progressive 
neurodegenerative pathologies years after the initial  insult2–7. TBI-induced neurodegenerative diseases often are 
diagnosed several years after the initial injury with few, if any, treatment options available to slow down or stop 
the progression of the  disease8. The majority of TBI incidents go unreported or are undiagnosed due to unreliable 
or non-existent biological indicators. Recently approved blood biomarkers for TBI indicate the need for or sup-
port the use of computed tomography (CT) imaging for diagnosis, rather than monitoring disease progression 
or  recovery9. Clinical care of a positive TBI diagnosis necessitates reliable monitoring of biomarkers to inform 
and guide treatment. Due to the absence of a monitoring biomarker, standard clinical protocols allow patients 
to return to action or duty based on unreliable self-reported symptom  surveys10. Premature return to normal 
or strenuous activities can worsen the condition and induce chronic health-related issues, further exacerbating 
the risk for neurodegenerative  diseases8,11.

Monitoring biomarkers can track the effectiveness of interventions on TBI-related symptoms and pathologies. 
Currently, biomarkers for TBI include S100 calcium-binding protein B (S-100B), neuron-specific enolase (NSE), 
ubiquitin C-terminal hydrolase isozyme L1 (UCH-L1) and glial fibrillary acidic protein (GFAP); expression are 
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elevated in serum over 24 h after severe or suspected TBI in  patients12–14. However, serial sampling of these pro-
teins in serum revealed different temporal trajectories in patients with severe TBI, making them poor candidates 
to monitor TBI  recovery15. Ideal monitoring biomarkers should match or predict the trajectory of symptoms and 
pathology, and further track a return to baseline of both the symptoms and level of biomarker with treatment 
efficacy. An additional limitation of NSE as a clinical biomarker is the possibility of sample contamination from 
artifactual hemolysis as a result of collecting or processing  blood16. Though these biomarkers may be helpful for 
diagnostic measures, these biomarkers are not ideal to monitor disease progression or the effect of treatment.

Though S-100B and NSE are not ideal candidates for monitoring biomarkers, they are consistently elevated 
after severe clinical brain injury. Remote ischemic conditioning (RIC) reduced serum levels of S-100B and NSE 
24 h after a severe brain injury when RIC was administered 1 h after hospital  admission17. RIC is the transient 
and repeated restriction of blood flow to a limb or non-vital organ. The procedure is cost effective, easy to teach, 
accessible, and carries very little risk, as the procedure only requires a tourniquet or similar method to briefly 
reduce blood supply to the limb. RIC has been employed clinically to reduce ischemic damage during myocardial 
infarctions and  stroke17–19. As an intervention for severe TBI, RIC reduced levels of NSE and S-100B in patient 
sera at 6- and 24-h post-RIC treatment at time of  admission20. Although several mechanisms may explain RIC 
efficacy, the molecular underpinnings of RIC have not been substantiated. Untargeted biomarker discovery can 
uncover mechanisms of RIC following acute neurological injury. We hypothesized that RIC would reverse TBI-
induced molecular alterations, some of which may serve as biomarkers to monitor recovery.

This study profiled the plasma proteome and metabolome at 24 h after a mouse model of diffuse TBI and 
subsequent RIC intervention. Midline fluid percussion injury (mFPI) was selected to model a clinically relevant 
diffuse TBI and is one of the best characterized models for concussive-like pathologies and  behaviors21–23. Given 
the remote application of RIC and potential for blood-borne therapeutic molecules, circulating metabolome and 
proteome was used to determine significantly differentiated metabolites and proteins between RIC-treated and 
TBI groups. Targeted metabolomic analysis discerned 94 differentially abundant metabolites, nine of which were 
significantly lower in TBI groups and returned to uninjured sham levels following RIC treatment. Proteomic 
analysis identified 24 potential protein biomarkers. This study identified potential new monitoring biomarkers 
for TBI-pathophysiology and RIC treatment.

Results
Diffuse TBI suppressed the mouse righting reflex time. In this study, RIC treatment in male mice 
was investigated following diffuse TBI by mFPI (Fig. 1A). Diffuse TBI suppressed the reflex for a mouse to cor-
rect their body position from the supine position (righting reflex). Shams included in the study had less than 
20 s for their righting reflex times and were not included in the analysis. No significant difference in the righting 
reflex times was observed between TBI and TBI RIC (t(19) = 0.3477, p = 0.7319; Fig. 1B).

TBI reduced plasma concentration of amino acids and RIC treatment restored the levels. Tar-
geted quantitative metabolomics analyses were performed for 185 metabolites using mass spectrometry. These 
included amino acids, biogenic amines, glycerophospholipids, sphingolipids, acylcarnitines, and hexose metabo-
lites. The micromolar concentrations of 94 (50.8%) metabolites (14 amino acids, 11 biogenic amines, 24 acylcar-
nitines, 39 glycerophospholipids and 6 sphingolipids) were significantly different (Kruskal–Wallis p-value < 0.05) 
across the four groups (Supplementary Table 1). However, after application of a Benjamini–Hochberg correction 
for multiple testing, 9 metabolites were determined to be significantly lower in TBI groups compared to sham 
groups (q-value < 0.05) and returned to sham levels with RIC treatment (Table 1; Fig. 2). Further, the biogenic 
amines and acylcarnitine concentrations were lower in the TBI group compared with shams and were restored 
to sham levels with RIC treatment. Plasma concentrations of six amino acids (Asn, Pro, Glu, Gly, Thr and Tyr), 
carnosine and two acylcarnitines (C2 and C3) were higher in TBI RIC compared with TBI (Fig. 2). However, 16 
out of 24 acylcarnitines and all 39 glycerophospholipids were lower in RIC groups compared with groups that 
did not receive RIC (Supplementary Fig. 1). Overall, plasma amino acid metabolites were significantly depleted 
in the TBI group but not in the TBI RIC intervention group.

Untargeted proteomics identified differentially expressed proteins between brain‑injured and 
RIC‑treated mice. Liquid chromatography-tandem mass spectrometry (LC–MS/MS analysis) identified 

Figure 1.  Study design and righting reflex times. (A) Study schematic. (B) Righting reflex times are shown in 
seconds. There were no significant differences in righting reflex times in either group. Uninjured sham mice had 
a righting reflex of less than 20 s (not shown).
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Table 1.  The micromolar concentrations of 94 (50.8%) metabolites (14 amino acids, 11 biogenic amines, 24 
acylcarnitines, 39 glycerophospholipids and 6 sphingolipids) were significantly different (p-value < 0.05) across 
the four groups. However, after application of nonparametric Kruskal–Wallis test with Benjamini–Hochberg 
corrections, 9 metabolites were determined to be significantly lower in TBI groups (q-value < 0.05): six amino 
acids (Asn, Pro, Glu, Gly, Thr and Tyr), carnosine, and two acylcarnitines (C2 and C3). The class, original 
p-value, -log10(p), and q-value for each significant metabolite are listed.

Metabolite Class p-value −log10(p) q-value

C3 Acylcarnitine 2.36E−4 3.6274 0.021461

Carnosine Biogenic amine 2.12E−4 3.6738 0.021461

Asn Amino acid 9.34E−4 3.0278 0.034147

Gly Amino acid 8.17E−4 3.0877 0.034147

Tyr Amino acid 6.71E−4 3.1735 0.034147

Thr Amino acid 1.13E−3 2.9471 0.034265

Glu Amino acid 1.32E−3 2.8773 0.034490

C2 Acylcarnitine 1.53E−3 2.8151 0.034793

Pro Amino acid 1.72E−3 2.7643 0.034793

Figure 2.  Box-Whisker plots representing concentrations of significantly different metabolites between sham, 
TBI, sham RIC and TBI RIC mice. The targeted metabolomics analysis was performed on plasma obtained 
from mice subjected to sham, TBI, sham RIC and TBI RIC treatments. The concentrations of metabolites were 
measured in µM unit. Significantly different metabolites (q-value < 0.05) across these groups were determined 
using Kruskal–Wallis test with Benjamini–Hochberg correction for multiple testing. All nine metabolites 
were statistically significant (q < 0.05): six amino acids (Asn, Pro, Glu, Gly, Thr and Tyr), carnosine, and two 
acylcarnitines (C2 and C3).
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493 unique proteins across all four groups. Of these, 243 proteins were shared between all 4 groups (Fig. 3A), 
whereas ~ 8% (38) and ~ 12% (57) were unique to TBI and TBI RIC groups, respectively. Pathway analysis based 
on the entire proteome revealed 63 uniquely enriched pathways, 46 (73%) of which were shared across all con-
ditions (Fig. 3B, Supplementary Table 2). BAG2 Signaling pathway was the only pathway shared between RIC 
groups. Cathepsin B (CTSB), Heat Shock Protein Family A (HSP70) Member 8 (HSPA8), and HSP70 Member 5 
(HSPA5) were mapped to BAG2 Signaling pathway in both Sham RIC and TBI RIC. Heat Shock Protein Family 
A (Hsp70) Member 4 (HSPA4), and proteasome activator subunit 4 (PSME4) mapped from Sham RIC, while 
HSP70 Member 9 (HSPA9) was only in TBI RIC. Hepatic Fibrosis Signaling Pathways was the only pathway 
found in both TBI groups. Glutathione redox Reactions I, Insulin-like growth factor (IGF)1 signaling, and Lac-
tose degradation III were only enriched in untreated TBI.

To determine candidate biomarkers of TBI and RIC treatment, a non-parametric Kruskal–Wallis test revealed 
24 differentially abundant proteins (p-value < 0.05) (Fig. 3C, Table 2). Actin alpha cardiac muscle (ACTC) 1, 
Hemoglobin Subunit Alpha (HBA), and HSPA8 were 2–fourfold lower in TBI compared to sham and resolved 
to sham levels with RIC treatment. BRF2 (BRF2 RNA Polymerase III Transcription Initiation Factor Subunit), 
Haptoglobin (HP), Corepressor Interacting with RBPJ (CIR1), actin, alpha 1, skeletal muscle (ACTA1) were 
more abundant in the TBI group but lower or undetectable in RIC treated groups. After application of a Benja-
mini–Hochberg correction for multiple testing, ACTA1 was found to be significantly increased in TBI compared 
to both sham groups and TBI RIC (q-value < 0.05).

Figure 3.  Protein identification in sham, sham RIC, TBI, and TBI RIC conditions from discovery proteomics 
by liquid chromatography-tandem mass spectrometry. (A) Shared and unique proteins detected in each of 
the 4 brain injury conditions. This analysis identified 493 unique proteins across all four groups. Of these, 
243 proteins were shared between brain injury and treatment groups, whereas ~ 7.7% (38) and ~ 11.5% (57) 
were unique to TBI and TBI RIC groups, respectively. (B) Barplot showing the number of proteins mapped 
to enriched pathways from TBI RIC (black bars) and TBI (white bars) conditions. The orange dots represent 
the log10(p-value) of the pathway. (C) Heatmap of z-scores for significantly differentially abundant proteins 
(p-value < 0.05) across all mice based on a Kruskal–Wallis test.
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Discussion
The current study established new blood-based monitoring biomarkers that increased in abundance after TBI 
and returned to basal levels with RIC treatment. Previous studies have shown that RIC intervention can alleviate 
TBI-induced molecular events in human patients and acute cognitive deficits in a mouse  model24. Furthermore, 
RIC intervention can reduce TBI associated pathologies in cases without immediate access to health care at the 
time of injury, as the procedure only requires a blood pressure cuff and minimal training to perform. To identify 
molecular mechanisms of pathological processing and track the course of disease in TBI and RIC treatment, 
metabolomics and proteomic analyses were used in this study. These analyses have been previously shown to be 
a diagnostic tool in severe  TBI25.

In this study, the abundance of nine metabolites were significantly changed (p < 0.05) after TBI and RIC 
treatment: six amino acids (Asn, Pro, Glu, Gly, Thr and Tyr), carnosine, and two acylcarnitines (C2 and C3). In a 
previous study using a weight drop model of TBI in rats, Asn, Glu, Gly, Thr, Tyr levels were significantly modified 
in the injured brain compared to sham mice over 5 days post-injury26. These amino acids were also significantly 
higher in plasma at 24-h post-injury compared to shams. Furthermore, Tyr plasma levels were significantly 
lowered in patients after a severe  TBI27. Plasma concentrations of Glu did not change at 72 h after lateral FPI 
in the  rat28. However, Pro levels were significantly lower at 24 h after lateral FPI and remained low up to 72 h; 
reductions in Pro negatively correlated with functional outcome measured by a neurological severity  score28. In 
the current study, RIC treatment after TBI restored Pro levels in plasma to sham levels.

Previously, in a rat model of remote ischemic preconditioning (RIPC), plasma Gly and carnosine levels dif-
ferentiated RIPC-treated and non-treated  groups29. This increase in carnosine and Gly may play a role in the 
mechanism of RIC treatment’s neuroprotective effect. Low levels of Gly in the brain were associated with an 
increase in neuronal injury after ischemic injury, while increased Gly in the same model was  neuroprotective30. 
In another study, intraperitoneal administration of carnosine reduced brain edema and blood brain barrier per-
meability in a rat model of subarachnoid  hemorrhage31,32. Other metabolites associated with RIC treatment not 
identified in this study as differentially abundant or were not measured include ornithine (decreased with RIPC), 
kynurenine, spermine, and serotonin (increased with RIPC)29. Ornithine, putrescine, spermidine and spermine 
are synthesized from arginine. In our study, we observed increased putrescine and spermidine following RIC 
in agreement with the RIPC study. Cytotoxic edema is the most immediate symptom after TBI which results in 
the release of osmolytes, such as  taurine33. We observed higher concentrations of taurine after TBI compared 
with shams and these concentrations were lowered in TBI mice that received RIC intervention compared with 
TBI mice that did not receive RIC. Although, we observed higher concentrations of taurine in the plasma of TBI 
mice, others have shown elevated levels of taurine in cerebrospinal  fluid33. As these biofluids do have different 

Table 2.  A Kruskal–Wallis test revealed 24 differentially abundant proteins between the 4 conditions 
(p-value < 0.05). After Benjamini–Hochberg correction, ACTA1 was the only protein with q-value < 0.05. Gene 
names, Uniprot accesions, p-values, and q-values are listed.

Gene Accession p-value q-value

Acta1 P68134 3.72E−06 1.81E−03

Krt5 Q922U2 4.52E−04 1.10E−01

Ckap2 Q3V1H1 7.89E−04 1.28E−01

Actc1 P68033 1.79E−03 1.87E−01

Brf2 Q3UAW9 1.93E−03 1.87E−01

Cir1 Q9DA19 2.78E−03 2.26E−01

Fabp4 P04117 5.09E−03 2.95E−01

Rundc3a O08576 6.58E−03 2.95E−01

Myh4 Q5SX39 6.58E−03 2.95E−01

Hdlbp Q8VDJ3 6.58E−03 2.95E−01

Fbln1 Q08879-2 6.91E−03 2.95E−01

Hp Q61646 7.84E−03 2.95E−01

Hba P01942 7.88E−03 2.95E−01

Prg4 Q9JM99-3 1.23E−02 4.27E−01

Reg3g O09049 1.64E−02 5.32E−01

Hspa8 P63017 2.00E−02 5.79E−01

Selenbp1 P17563 2.02E−02 5.79E−01

Pla2g7 Q60963 3.13E−02 7.52E−01

Ighg1 P01869 3.23E−02 7.52E−01

Cdv3 Q4VAA2 3.43E−02 7.52E−01

Lum P51885 3.62E−02 7.52E−01

Scgb1a1 Q06318 4.29E−02 7.52E−01

Mif P34884 4.70E−02 7.52E−01

Gsr P47791 4.70E−02 7.52E−01
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properties and biological functions, metabolites may be degraded or differentially metabolized in the cerebral 
spinal fluid (CSF) compared to blood.

This study identified 24 potential protein biomarkers, one which was significantly increased only in TBI after 
Benjamini–Hochberg correction. Previous proteomic studies in TBI and stroke in CSF and brain tissue found 
changes in levels in actin, alpha skeletal muscle. In a previous study in a mouse model of stroke, ACTA1 was 
twofold lower in the brain compared to sham controls within 2 h after  injury34. In a study using CSF from TBI 
patients, actin, alpha skeletal muscle (ACTS) was one of 130 proteins identified using shotgun proteomics, a 
proteomics technique that covers a wider range of potential protein  markers35. Future studies have substantial 
complementary evidence to validate ACTA1 as a biomarker of TBI.

This study identified enriched pathways from proteomics analysis and revealed BAG2 Signaling pathway 
as commonly enriched between RIC groups, involving CTSB, HSPA4, HSPA8, HSPA5, and PSME4 proteins. 
HSPA members have been reported to facilitate the proper folding of newly translated proteins and stabilize or 
degrade misfolded or mutant  proteins36. Members of the heat shock protein 70 family and have also been linked 
to cancer and multiple neurodegenerative  diseases37. Overexpression of HSP70 suppressed ischemia–reperfu-
sion damage, as well as Alzheimer’s disease, Parkinson’s disease, and Huntington’s  disease38–40. One study found 
that HSPA8 functions as a safeguard for protein homeostasis and is reduced in brains of Alzheimer’s disease, 
Parkinson’s disease, and Huntington’s  disease41. In this study, RIC treatment after diffuse TBI increased HSPA8 
in the discovery phase. RIC may act on the BAG2 Signaling pathway and is a potential mechanistic pathway for 
TBI-induced neurodegenerative disease processes.

Glutathione redox reactions I was enriched in every group except TBI. Glutathione is a thiol that is an anti-
oxidant against reactive oxygen and nitrogen species. Glutathione precursors can also protect the brain from 
 trauma42. In clinical studies, glutathione levels were lower in CSF of pediatric TBI patients compared with 
healthy controls between 1 and 7 days post-injury42,43. Experimental TBI in rats was associated with a reduc-
tion of glutathione in the brain, where the lowest concentration occurred within 24–48-h post-TBI, and was 
associated with increased susceptibility of neuronal damage by free  radicals42,44. Changes in proteins associated 
with the glutathione pathway may be a potential therapeutic pathway for TBI. Additionally, the IGF-1 signaling 
pathway was identified as a potential therapeutic target, as it was only enriched in TBI. IGF-1 is a hormone that 
regulates brain  plasticity45. Exogenous increases of IGF-1 promotes neuronal survival after trauma and may be 
 neuroprotective45. In TBI patients, serum levels of IGF-1 were lower than in  controls45–49. In mouse models of 
TBI (cortical contusion), IGF-1 was increased in brain  tissue50. Since IGF-1 signaling was only enriched in the 
TBI group and not in either the Sham groups or TBI RIC groups, the RIC intervention may prevent TBI-induced 
changes in IGF-1. These data suggest that the most promising TBI monitoring biomarkers may be associated 
with the IGF-1 pathway and proteins necessary for glutathione redox reactions.

One objective in the current study was to discover potential monitoring biomarkers for TBI and RIC efficacy. 
Commercial antibodies for Acta1 Elisa/western blot are currently unavailable, thus we were unable to validate 
the untargeted proteomic results. Another limitation to this study is the exclusion of females. Females and males 
respond differently to both TBI and  RIC51–54. Therefore, one sex (male) was used to reduce variability and sex 
differences. Further studies will determine whether the biomarkers found for RIC and TBI in this study can 
extend to females. Many TBI-induced molecular mechanisms are likely engaged immediately after injury. Our 
study design was limited to one-day post-TBI and focused on these short-term effects. Future studies will focus 
on mid and long-term effects to study delayed mechanisms related to RIC and TBI. This study has elucidated 
mechanisms for TBI and RIC treatment in an unbiased manner. Six amino acids (Asn, Pro, Glu, Gly, Thr and 
Tyr), carnosine, and two acylcarnitines (C2 and C3) may act as potential monitoring biomarkers as well as 
ACTA1 protein levels in plasma. Furthermore, pathway analysis revealed unique pathways to RIC treated groups 
and TBI groups that may point to mechanisms of therapeutic efficacy for RIC intervention. Using proteins and 
metabolites as potential biomarkers for brain injury should be more reliable to determine injury and recovery 
than using behavioral outcomes as biomarkers. Biological monitoring biomarkers is necessary to improve clini-
cal care of a positive TBI diagnosis. Further studies will be necessary to determine which mechanisms mediate 
therapeutic efficacy after TBI. The identified metabolites and proteins provide molecular mechanisms for TBI 
and therapeutic RIC in order to monitor disease progression and therapeutic efficacy.

Materials and methods
Animals. Male C57BL/6 mice (20–24 g; Harlan Laboratories, Inc., Indianapolis, IN) were group housed for 
all studies. Mice were housed in a 14 h light/10 h dark cycle at a constant temperature (23 ± 2 °C) with food and 
water available ad libitum according to the Association for Assessment and Accreditation of Laboratory Animal 
Care International. Mice were acclimated to their environment following shipment for at least three days prior 
to any experiments. Animal care was approved by the University of Arizona Institutional Animal Care and Use 
Committee. Study design is shown in Fig. 1A. There were 39 mice in the discovery group [sham (n = 8), TBI 
(n = 10), sham RIC (n = 8), TBI RIC (n = 13)]. Cheek bleeds were performed 24 h after RIC procedure, collected 
into EDTA-coated microcentrifuge tubes and immediately stored on ice. Plasma was separated by centrifugation 
at 3,000×g for 10 min and immediately stored at -80 °C for downstream metabolomic and proteomic analyses.

Diffuse traumatic brain injury by midline fluid percussion injury. Standard procedures were used to 
administer midline fluid percussion injury (mFPI) or sham injury to young adult (8–10 weeks of age) male mice 
(20–24 g)21. Briefly, mice were anesthetized using 5% isoflurane in 100% oxygen for five minutes, then placed in 
a stereotaxic frame with continuously delivered isoflurane at 2.5%. While anesthetized, body temperature was 
maintained using a Deltaphase isothermal heating pad (Braintree Scientific Inc., Braintree, MA). Following a 
midline incision, a 3 mm craniectomy was performed midway between bregma and lambda using a trephine. A 
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modified Leur-Loc needle hub (3 mm inside diameter) was placed over the exposed intact dura and surrounded 
by dental acrylic. The incision was sutured at the anterior and posterior edges and topical Lidocaine ointment 
was applied. The injury hub was closed using a Luer-Loc cap and mice were placed in a heated recovery cage. 
Mice were monitored until ambulatory before being returned to their home cage overnight before injury induc-
tion.

Approximately 24-h post-surgery, mice were re-anesthetized with 5% isoflurane delivered for five minutes. 
The cap was removed from the injury-hub assembly and the dura was visually inspected through the hub for 
damage. The hub was then filled with saline and attached to an extension tube connected to the fluid percussion 
device (Custom Design and Fabrication, Virginia Commonwealth University, Richmond, VA). The pendulum 
was dropped from a pre-determined angle to induce a diffuse TBI (approximately 1.2–1.4 atmospheres of pres-
sure). Animals in the sham group were re-anesthetized and connected to the injury device; however, no fluid 
pulse was delivered. Shams righted within 20 s to be included in the study, and all shams were included. Mice 
were monitored for the presence of a forearm fencing response and righting reflex times were recorded for the 
injured mice as indicators of injury  severity55. The righting reflex time is defined as the total time from the initial 
impact until the mouse spontaneously rights itself from a supine position. The fencing response is defined as 
a tonic posturing characterized by extension and flexion of opposite arms that has been validated as an overt 
indicator of injury  severity55. The injury hub was removed, and the brain was inspected for uniform herniation, 
hematoma, and integrity of the dura. The dura was intact in all mice; none were excluded as technical failures. 
The incision was cleaned using saline and closed using sutures. Brain-injured mice had righting reflex recovery 
times greater than six minutes and a positive fencing response. After spontaneously righting, mice were placed in 
a heated recovery cage and monitored until ambulatory before being returned to their home cage. After injuries, 
mice were evaluated by a physical examination and documentation of each animal’s condition including weight.

Remote ischemic conditioning (RIC). RIC was administered 1-h following recovery of righting reflex 
after mFPI. Mice were anesthetized using 5% isoflurane in 100% oxygen for three minutes and placed in a supine 
position. Light anesthesia was maintained throughout the RIC procedure using 1.5% isoflurane in 100% oxygen 
via nosecone. RIC was applied using a disposable plastic-coated wire tie (100 mm length × 2 mm diameter). 
With the left mouse hind limb extended at the knee, a wire tie was wrapped around the hind limb as proximally 
to the hip as possible. Pressure was applied by twisting the wire tie approximately four times clockwise. RIC was 
administered in four cycles composed of 5 min RIC and 5 min reperfusion (procedure duration of 40 min). Mice 
were monitored while recovering from anesthesia before being returned to their home cage. Sham and TBI mice 
not assigned to a RIC group received equal anesthesia treatment without wire tie application.

Metabolomics analysis. Targeted metabolomics were performed on 185 metabolites (21 amino acids, 
21 biogenic amines, 88 glycerophospholipids, 14 sphingolipids, 40 acylcarnitines, 1 hexose) using the Abso-
luteIDQ p180 kit (Biocrates Life Sciences AG, Innsbruck, Australia). The metabolites were extracted from 10 µL 
of plasma as per manufacturer’s protocol. Seven samples were not included in only the metabolomics section of 
the study due to high hemolytic scores or low volume (2 TBI, 5 TBI RIC). Data acquisition was carried out on 
an Acquity UPLC and Xevo-TQ-S mass spectrometer (Waters, Milford, MA) using reversed phase separation 
and flow injection analysis as per vendor’s instructions. The standard curve and quality controls were within the 
acceptance criteria recommended by the Federal Drug Administration (FDA; Guidance of Industry Bioanalyti-
cal Method Validation). A pooled sample was employed for quality control (QC), and only metabolites meas-
ured in all QC samples with less than 20% coefficient of variation (CV) were included in the analysis. All samples 
were randomized during preparation and data acquisition. All concentrations were measured in micromolar. 
For this analysis, lipids included lysophosphatidyl glycerophospholipids (LysoPC x:y), glycerophospholipids (PC 
aa x:y and PC ae x:y) and sphingolipids (SM x:y, SM[OH] x:y), where x denotes the number of carbons in the side 
chain and y represents number of unsaturated chains.

Proteomics analysis. High abundance proteins were removed from plasma using Seppro Mouse M7 spin 
columns (Sigma-Aldrich, St. Louis, Mo). Protein concentration was quantified using Pierce BCA (Thermo Fisher 
Scientific, Waltham, MA). Equal amounts of protein were reduced using 10 mM dithiothreitol (1 h), alkylated 
using 40 mM iodoacetamide and digested overnight at 37ºC using Trypsin Gold at a 1:20 protein to enzyme ratio 
(Promega Corporation, Madison, WI). Samples were subjected to solid phase extraction using 1 cc SEP-PAK 
C18 (Waters), vacuum-dried and frozen at − 80 °C until LC–MS/MS analysis.

Peptides were reconstituted in 0.1% formic acid for analysis as previously described. LC–MS/MS data were 
acquired on an Orbitrap Fusion Lumos tribrid mass spectrometer (Thermo, San Jose, CA) coupled to a nano-
Acquity UPLC system (Waters, Millford, MA). One µg of peptides was loaded on a trapping column (Thermo 
Scientific Acclaim PepMap 100 C18, 75 µm, 2 cm, 3 µm particle size, 100 Å pore size) and washed for 10 min 
with 99.5% solvent A (0.1% formic acid in water) and 0.5% solvent B (0.1% formic acid in acetonitrile) at a flow 
rate of 4 µL/min. The trapped peptides were separated using an Acclaim PepMap RSLC C18 analytical column 
(Thermo Scientific, 50 µm, 15 cm, 2 µm particle size, 100 Å pore size) and a 95 min gradient (3% to 7% solvent B 
for 1 min, 7% to 25% solvent B for 72 min, 25% solvent B to 45% B for 10 min, 45% to 90% B for 0.5 min, 90% B 
for 1 min, 3% B in 0.5 min and re-equilibration at 3% B for 10 min) at 300 nL/minute flow rate. Data-dependent 
acquisition was performed in Top Speed mode with a duty cycle of 3 s and the following parameters: spray voltage 
of 2100 V, ion transfer tube temperature of 275 °C, survey scan in the Orbitrap at a resolution of 120 K at 200 m/z, 
scan range of 400–1,500 m/z, AGC target of 2E5 and maximum ion injection time of 50 ms. Parent scans were fol-
lowed by a daughter scan using High Energy Collision (HCD) dissociation of top abundant peaks and detection 
in the ion-trap with the following settings: quadrupole isolation mode, isolation window at 1.4 m/z, AGC target 
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of 5E3 with maximum ion injection time of 35 ms and 35% HCD collision  energy56. Dynamic exclusion was set 
to 60 s. Peptide precursor ion intensities were used to calculate relative abundance. Protein identification and 
relative quantification was conducted with Proteome Discoverer v2.1 (Thermo Fisher Scientific, Waltham, MA) 
and Mascot v2.3 (Matrix Science, Boston, MA) using the Mouse UniprotKB/SwissProt 2015 database. Protein 
abundances were normalized using the DEP package in R. Pathway analysis was performed using Ingenuity 
Pathway Analysis (IPA, Qiagen) and the Ingenuity Knowledgebase (mouse) with default settings to elucidate 
enriched biological pathways in each condition.

Statistics. Righting reflex times were analyzed using a two-tailed unpaired t-test. For mass spectrometry 
analyses, Gaussian distribution was verified using density, q-q plots and Shapiro–Wilk’s tests. For metabolomics 
and proteomics analyses, a nonparametric Kruskal–Wallis test with Benjamini–Hochberg corrections for multi-
ple testing was used to determine significance. A post-hoc test was used to calculate pairwise differences between 
groups, for molecules with q-value < 0.05. For multiple group comparisons in metabolomics, metabolites with 
more than 50% missing values in each of the experimental groups were excluded from analysis.

Ethics approval and informed consent. All animal studies were conducted in accordance with the 
guidelines established by the internal IACUC (Institutional Animal Care and Use Committee) and the NIH 
guidelines for the care and use of laboratory animals.

Received: 11 November 2019; Accepted: 20 July 2020

References
 1. Dewan, M. C. et al. Estimating the global incidence of traumatic brain injury. J Neurosurg 1, 1–18. https ://doi.org/10.3171/2017.10.

JNS17 352 (2018).
 2. Maxwell, W. L., Povlishock, J. T. & Graham, D. L. A mechanistic analysis of nondisruptive axonal injury: a review. J. Neurotrauma 

14, 419–440 (1997).
 3. Dixon, C. E. et al. One-year study of spatial memory performance, brain morphology, and cholinergic markers after moderate 

controlled cortical impact in rats. J. Neurotrauma 16, 109–122 (1999).
 4. Bramlett, H. M., Dietrich, W. D., Green, E. J. & Busto, R. Chronic histopathological consequences of fluid-percussion brain injury 

in rats: effects of post-traumatic hypothermia. Acta Neuropathol 93, 190–199 (1997).
 5. Pierce, J. E., Smith, D. H., Trojanowski, J. Q. & McIntosh, T. K. Enduring cognitive, neurobehavioral and histopathological changes 

persist for up to one year following severe experimental brain injury in rats. Neuroscience 87, 359–369 (1998).
 6. Rodriguez-Paez, A. C., Brunschwig, J. P. & Bramlett, H. M. Light and electron microscopic assessment of progressive atrophy 

following moderate traumatic brain injury in the rat. Acta Neuropathol. 109, 603–616 (2005).
 7. Smith, D. H. et al. Progressive atrophy and neuron death for one year following brain trauma in the rat. J. Neurotrauma 14, 715–727 

(1997).
 8. Cruz-Haces, M., Tang, J., Acosta, G., Fernandez, J. & Shi, R. Pathological correlations between traumatic brain injury and chronic 

neurodegenerative diseases. Transl. Neurodegener. 6, 20. https ://doi.org/10.1186/s4003 5-017-0088-2 (2017).
 9. Su, Y. S., Schuster, J. M., Smith, D. H. & Stein, S. C. Cost-effectiveness of biomarker screening for traumatic brain injury. J. Neuro-

trauma 36, 2083–2091. https ://doi.org/10.1089/neu.2018.6020 (2019).
 10. Erdtmann, F. Sports-related concussions in youth: improving the science, changing the culture. Mil. Med. 180, 123–125. https ://

doi.org/10.7205/MILME D-D-14-00516  (2015).
 11. Lecci, L. et al. Validation of a concussion screening battery for use in medical settings: predicting centers for disease control 

concussion symptoms in children and adolescents. Arch. Clin. Neuropsychol. https ://doi.org/10.1093/arcli n/acz04 1 (2019).
 12. Jones, A. & Jarvis, P. Review of the potential use of blood neuro-biomarkers in the diagnosis of mild traumatic brain injury. Clin. 

Exp. Emerg. Med. 4, 121–127. https ://doi.org/10.15441 /ceem.17.226 (2017).
 13. Bohmer, A. E. et al. Neuron-specific enolase, S100B, and glial fibrillary acidic protein levels as outcome predictors in patients with 

severe traumatic brain injury. Neurosurgery 68, 1624–1630. https ://doi.org/10.1227/NEU.0b013 e3182 14a81 f (2011).
 14. Yue, J. K. et al. Association between plasma GFAP concentrations and MRI abnormalities in patients with CT-negative traumatic 

brain injury in the TRACK-TBI cohort: a prospective multicentre study. Lancet Neurol. 18, 953–961. https ://doi.org/10.1016/S1474 
-4422(19)30282 -0 (2019).

 15. Thelin, E. P. et al. Serial sampling of serum protein biomarkers for monitoring human traumatic brain injury dynamics: a systematic 
review. Front. Neurol. 8, 300. https ://doi.org/10.3389/fneur .2017.00300  (2017).

 16. Mrozek, S., Dumurgier, J., Citerio, G., Mebazaa, A. & Geeraerts, T. Biomarkers and acute brain injuries: interest and limits. Crit. 
Care 18, 220. https ://doi.org/10.1186/cc138 41 (2014).

 17. Joseph, B. et al. Secondary brain injury in trauma patients: the effects of remote ischemic conditioning. J. Trauma Acute Care Surg. 
78, 698–703. https ://doi.org/10.1097/TA.00000 00000 00058 4 (2015).

 18. Aimo, A. et al. Cardioprotection by remote ischemic conditioning: mechanisms and clinical evidences. World J. Cardiol. 7, 621–632. 
https ://doi.org/10.4330/wjc.v7.i10.621 (2015).

 19. Chen, G., Yang, J., Lu, G., Guo, J. & Dou, Y. Limb remote ischemic post-conditioning reduces brain reperfusion injury by reversing 
eNOS uncoupling. Indian J. Exp. Biol. 52, 597–605 (2014).

 20. in Negative Binomial Regression (ed Joseph M. Hilbe) i-iv (Cambridge University Press, 2007).
 21. Lifshitz, J. et al. Clinical relevance of midline fluid percussion brain injury: acute deficits, chronic morbidities and the utility of 

biomarkers. Brain Inj. 1, 1–9. https ://doi.org/10.1080/02699 052.2016.11936 28 (2016).
 22. Rowe, R. K., Harrison, J. L., O’Hara, B. F. & Lifshitz, J. Recovery of neurological function despite immediate sleep disruption 

following diffuse brain injury in the mouse: clinical relevance to medically untreated concussion. Sleep 37, 743–752. https ://doi.
org/10.5665/sleep .3582 (2014).

 23. Harrison, J. L., Rowe, R. K., O’Hara, B. F., Adelson, P. D. & Lifshitz, J. Acute over-the-counter pharmacological intervention does 
not adversely affect behavioral outcome following diffuse traumatic brain injury in the mouse. Exp. Brain. Res. 232, 2709–2719. 
https ://doi.org/10.1007/s0022 1-014-3948-3 (2014).

 24. Sandweiss, A. J. et al. Remote ischemic conditioning preserves cognition and motor coordination in a mouse model of traumatic 
brain injury. J. Trauma Acute Care Surg. 83, 1074–1081. https ://doi.org/10.1097/TA.00000 00000 00162 6 (2017).

https://doi.org/10.3171/2017.10.JNS17352
https://doi.org/10.3171/2017.10.JNS17352
https://doi.org/10.1186/s40035-017-0088-2
https://doi.org/10.1089/neu.2018.6020
https://doi.org/10.7205/MILMED-D-14-00516
https://doi.org/10.7205/MILMED-D-14-00516
https://doi.org/10.1093/arclin/acz041
https://doi.org/10.15441/ceem.17.226
https://doi.org/10.1227/NEU.0b013e318214a81f
https://doi.org/10.1016/S1474-4422(19)30282-0
https://doi.org/10.1016/S1474-4422(19)30282-0
https://doi.org/10.3389/fneur.2017.00300
https://doi.org/10.1186/cc13841
https://doi.org/10.1097/TA.0000000000000584
https://doi.org/10.4330/wjc.v7.i10.621
https://doi.org/10.1080/02699052.2016.1193628
https://doi.org/10.5665/sleep.3582
https://doi.org/10.5665/sleep.3582
https://doi.org/10.1007/s00221-014-3948-3
https://doi.org/10.1097/TA.0000000000001626


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:12989  | https://doi.org/10.1038/s41598-020-69865-4

www.nature.com/scientificreports/

 25. Posti, J. P., Dickens, A. M., Oresic, M., Hyotylainen, T. & Tenovuo, O. Metabolomics profiling as a diagnostic tool in severe traumatic 
brain injury. Front Neurol. 8, 398. https ://doi.org/10.3389/fneur .2017.00398  (2017).

 26. Amorini, A. M. et al. Severity of experimental traumatic brain injury modulates changes in concentrations of cerebral free amino 
acids. J. Cell. Mol. Med. 21, 530–542. https ://doi.org/10.1111/jcmm.12998  (2017).

 27. Aquilani, R. et al. Reduced plasma levels of tyrosine, precursor of brain catecholamines, and of essential amino acids in patients 
with severe traumatic brain injury after rehabilitation. Arch. Phys. Med. Rehabil. 84, 1258–1265. https ://doi.org/10.1016/s0003 
-9993(03)00148 -5 (2003).

 28. Louin, G. et al. Plasma concentrations of arginine and related amino acids following traumatic brain injury: proline as a promising 
biomarker of brain damage severity. Nitric Oxide 17, 91–97. https ://doi.org/10.1016/j.niox.2007.05.006 (2007).

 29. Chao de la Barca, J. M. et al. Metabolic signature of remote ischemic preconditioning involving a cocktail of amino acids and 
biogenic amines. J Am Heart Assoc 5, 1. https ://doi.org/10.1161/JAHA.116.00389 1 (2016).

 30. Yao, W. et al. Glycine exerts dual roles in ischemic injury through distinct mechanisms. Stroke 43, 2212–2220. https ://doi.
org/10.1161/STROK EAHA.111.64599 4 (2012).

 31. Xie, R. X. et al. Carnosine attenuates brain oxidative stress and apoptosis after intracerebral hemorrhage in rats. Neurochem. Res. 
42, 541–551. https ://doi.org/10.1007/s1106 4-016-2104-9 (2017).

 32. Zhang, Z. Y. et al. Carnosine attenuates early brain injury through its antioxidative and anti-apoptotic effects in a rat experimental 
subarachnoid hemorrhage model. Cell. Mol. Neurobiol. 35, 147–157. https ://doi.org/10.1007/s1057 1-014-0106-1 (2015).

 33. Seki, Y. et al. Cerebrospinal fluid taurine after traumatic brain injury. Neurochem. Res. 30, 123–128. https ://doi.org/10.1007/s1106 
4-004-9693-4 (2005).

 34. Ottens, A. K. et al. Neuroproteomics: a biochemical means to discriminate the extent and modality of brain injury. J. Neurotrauma 
27, 1837–1852. https ://doi.org/10.1089/neu.2010.1374 (2010).

 35. Sjodin, M. O., Bergquist, J. & Wetterhall, M. Mining ventricular cerebrospinal fluid from patients with traumatic brain injury using 
hexapeptide ligand libraries to search for trauma biomarkers. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 878, 2003–2012. 
https ://doi.org/10.1016/j.jchro mb.2010.05.036 (2010).

 36. van der Putten, H. & Lotz, G. P. Opportunities and challenges for molecular chaperone modulation to treat protein-conformational 
brain diseases. Neurotherapeutics 10, 416–428. https ://doi.org/10.1007/s1331 1-013-0186-5 (2013).

 37. Turturici, G., Sconzo, G. & Geraci, F. Hsp70 and its molecular role in nervous system diseases. Biochem. Res. Int. 2011, 618127. 
https ://doi.org/10.1155/2011/61812 7 (2011).

 38. Song, Y. J., Zhong, C. B. & Wang, X. B. Heat shock protein 70: a promising therapeutic target for myocardial ischemia-reperfusion 
injury. J. Cell. Physiol. 234, 1190–1207. https ://doi.org/10.1002/jcp.27110  (2019).

 39. Sun, Y., Zhang, J. R. & Chen, S. Suppression of Alzheimer’s disease-related phenotypes by the heat shock protein 70 inducer, 
geranylgeranylacetone, in APP/PS1 transgenic mice via the ERK/p38 MAPK signaling pathway. Exp. Ther. Med. 14, 5267–5274. 
https ://doi.org/10.3892/etm.2017.5253 (2017).

 40. Hoshino, T. et al. Suppression of Alzheimer’s disease-related phenotypes by expression of heat shock protein 70 in mice. J. Neurosci. 
31, 5225–5234. https ://doi.org/10.1523/JNEUR OSCI.5478-10.2011 (2011).

 41. Brehme, M. et al. A chaperome subnetwork safeguards proteostasis in aging and neurodegenerative disease. Cell Rep. 9, 1135–1150. 
https ://doi.org/10.1016/j.celre p.2014.09.042 (2014).

 42. Koza, L. & Linseman, D. A. Glutathione precursors shield the brain from trauma. Neural. Regen. Res. 14, 1701–1702. https ://doi.
org/10.4103/1673-5374.25752 0 (2019).

 43. Bayir, H. et al. Assessment of antioxidant reserves and oxidative stress in cerebrospinal fluid after severe traumatic brain injury in 
infants and children. Pediatr. Res. 51, 571–578. https ://doi.org/10.1203/00006 450-20020 5000-00005  (2002).

 44. Ansari, M. A., Roberts, K. N. & Scheff, S. W. Oxidative stress and modification of synaptic proteins in hippocampus after traumatic 
brain injury. Free Radic. Biol. Med. 45, 443–452. https ://doi.org/10.1016/j.freer adbio med.2008.04.038 (2008).

 45. Madathil, S. K. & Saatman, K. E. in Brain Neurotrauma: Molecular, Neuropsychological, and Rehabilitation Aspects Frontiers in 
Neuroengineering (ed F. H. Kobeissy) (2015).

 46. Agha, A. et al. Anterior pituitary dysfunction in survivors of traumatic brain injury. J. Clin. Endocrinol. Metab. 89, 4929–4936. 
https ://doi.org/10.1210/jc.2004-0511 (2004).

 47. Agha, A. et al. Posterior pituitary dysfunction after traumatic brain injury. J. Clin. Endocrinol. Metab. 89, 5987–5992. https ://doi.
org/10.1210/jc.2004-1058 (2004).

 48. Popovic, V. et al. Hypopituitarism as a consequence of traumatic brain injury (TBI) and its possible relation with cognitive dis-
abilities and mental distress. J. Endocrinol. Invest. 27, 1048–1054. https ://doi.org/10.1007/bf033 45308  (2004).

 49. Wagner, J. et al. Acute gonadotroph and somatotroph hormonal suppression after traumatic brain injury. J. Neurotrauma 27, 
1007–1019. https ://doi.org/10.1089/neu.2009.1092 (2010).

 50. Madathil, S. K., Evans, H. N. & Saatman, K. E. Temporal and regional changes in IGF-1/IGF-1R signaling in the mouse brain after 
traumatic brain injury. J. Neurotrauma 27, 95–107. https ://doi.org/10.1089/neu.2009.1002 (2010).

 51. Villapol, S., Loane, D. J. & Burns, M. P. Sexual dimorphism in the inflammatory response to traumatic brain injury. Glia 65, 
1423–1438. https ://doi.org/10.1002/glia.23171  (2017).

 52. Bao, A. M. & Swaab, D. F. Sex differences in the brain, behavior, and neuropsychiatric disorders. Neuroscientist 16, 550–565. https 
://doi.org/10.1177/10738 58410 37700 5 (2010).

 53. Heinen, A. et al. The release of cardioprotective humoral factors after remote ischemic preconditioning in humans is age- and 
sex-dependent. J. Transl. Med. 16, 112. https ://doi.org/10.1186/s1296 7-018-1480-0 (2018).

 54. Bromage, D. I. et al. Remote ischaemic conditioning reduces infarct size in animal in vivo models of ischaemia-reperfusion injury: 
a systematic review and meta-analysis. Cardiovasc Res. 113, 288–297. https ://doi.org/10.1093/cvr/cvw21 9 (2017).

 55. Hosseini, A. H. & Lifshitz, J. Brain injury forces of moderate magnitude elicit the fencing response. Med. Sci. Sports Exerc. 41, 
1687–1697. https ://doi.org/10.1249/MSS.0b013 e3181 9fcd1 b (2009).

 56. Raupach, E. A. et al. Novel functional insights revealed by distinct protein-protein interactions of the residual SWI/SNF complex 
in SMARCA4-deficient small cell carcinoma of the ovary, hypercalcemic type. bioRxiv 1, 794776. https ://doi.org/10.1101/79477 6 
(2019).

Acknowledgements
The authors would like to thank Bret R. Tallent for his assistance in optimizing and running samples. The authors 
would like to thank Ritin Sharma for help in metabolomics and proteomic sample preparation. This research 
was funded by NIH-R21-NS096515, F31-NS090921, and T32-AG044402.

Author contributions
M.S. was responsible for conceptualization, data curation, data analysis, interpretation, writing, and editing. 
K.V.P. was responsible for conceptualization, data curation, data analysis, writing, and editing. M.M. was respon-
sible for conceptualization, data curation, data analysis, and editing. K.G.-M. was responsible for conceptu-
alization, data curation, data analysis, writing, and editing. J.L.H. was responsible for conceptualization and 

https://doi.org/10.3389/fneur.2017.00398
https://doi.org/10.1111/jcmm.12998
https://doi.org/10.1016/s0003-9993(03)00148-5
https://doi.org/10.1016/s0003-9993(03)00148-5
https://doi.org/10.1016/j.niox.2007.05.006
https://doi.org/10.1161/JAHA.116.003891
https://doi.org/10.1161/STROKEAHA.111.645994
https://doi.org/10.1161/STROKEAHA.111.645994
https://doi.org/10.1007/s11064-016-2104-9
https://doi.org/10.1007/s10571-014-0106-1
https://doi.org/10.1007/s11064-004-9693-4
https://doi.org/10.1007/s11064-004-9693-4
https://doi.org/10.1089/neu.2010.1374
https://doi.org/10.1016/j.jchromb.2010.05.036
https://doi.org/10.1007/s13311-013-0186-5
https://doi.org/10.1155/2011/618127
https://doi.org/10.1002/jcp.27110
https://doi.org/10.3892/etm.2017.5253
https://doi.org/10.1523/JNEUROSCI.5478-10.2011
https://doi.org/10.1016/j.celrep.2014.09.042
https://doi.org/10.4103/1673-5374.257520
https://doi.org/10.4103/1673-5374.257520
https://doi.org/10.1203/00006450-200205000-00005
https://doi.org/10.1016/j.freeradbiomed.2008.04.038
https://doi.org/10.1210/jc.2004-0511
https://doi.org/10.1210/jc.2004-1058
https://doi.org/10.1210/jc.2004-1058
https://doi.org/10.1007/bf03345308
https://doi.org/10.1089/neu.2009.1092
https://doi.org/10.1089/neu.2009.1002
https://doi.org/10.1002/glia.23171
https://doi.org/10.1177/1073858410377005
https://doi.org/10.1177/1073858410377005
https://doi.org/10.1186/s12967-018-1480-0
https://doi.org/10.1093/cvr/cvw219
https://doi.org/10.1249/MSS.0b013e31819fcd1b
https://doi.org/10.1101/794776


10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:12989  | https://doi.org/10.1038/s41598-020-69865-4

www.nature.com/scientificreports/

data curation. R.K.R. was responsible for conceptualization, data curation, and editing, J.L. was responsible for 
conceptualization, funding, data interpretation, and editing. P.P. was responsible for conceptualization, funding, 
data interpretation, and editing.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-69865 -4.

Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-69865-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Proteomic analysis identifies plasma correlates of remote ischemic conditioning in the context of experimental traumatic brain injury
	Anchor 2
	Anchor 3
	Results
	Diffuse TBI suppressed the mouse righting reflex time. 
	TBI reduced plasma concentration of amino acids and RIC treatment restored the levels. 
	Untargeted proteomics identified differentially expressed proteins between brain-injured and RIC-treated mice. 

	Discussion
	Materials and methods
	Animals. 
	Diffuse traumatic brain injury by midline fluid percussion injury. 
	Remote ischemic conditioning (RIC). 
	Metabolomics analysis. 
	Proteomics analysis. 
	Statistics. 
	Ethics approval and informed consent. 

	References
	Acknowledgements


