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Abstract

Molecular mechanisms of wound healing have been extensively characterized, providing a better 

understanding of the processes involved in wound repair and offering advances in treatment 

methods. Both spatial and temporal investigations of injury biomarkers have helped to pinpoint 

significant time points and locations during the recovery process, which may be vital in managing 

the injury and making the appropriate diagnosis. This study addresses spatial and temporal 

differences of phosphoproteins found in skeletal muscle tissue following a traumatic femur 

fracture, which were further compared to co-localized cytokine responses. In particular, several 

proteins (Akt, ERK, c-Jun, CREB, JNK, MEK1, and p38) and post-translational phosphorylations 

(p-Akt, p-c-Jun, p-CREB, p-ERK1/2, p-MEK1, p-p38, p-GSK3α/β, p-HSP27, p-p70S6K, and p-

STAT3) associated with inflammation, new tissue formation, and remodeling were found to exhibit 

significant spatial and temporal differences in response to the traumatic injury. Quadratic 

discriminant analysis of all measured responses, including cytokine concentrations from 

previously published findings, was used to classify temporal and spatial observations at high 

predictive rates, further confirming that distinct spatiotemporal distributions for total protein, 

phosphorylation signaling, and cytokine (IL-1α, IL-1ß, IL2, IL6, TNF-α, and MIP-1α) responses 

exist. Finally, phosphoprotein measurements were found to be significantly correlated to cytokine 

concentrations, suggesting coordinated intracellular and extracellular activity during crucial 

periods of repair. This study represents a first attempt to monitor and assess integrated changes in 

extracellular and intracellular signaling in response to a traumatic injury in muscle tissues, which 

may provide a framework for future research to improve both our understanding of wounds and 

their treatment options.
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1. Introduction

Wound healing in response to a traumatic injury is a highly complex process that is regulated 

by a myriad of coordinated biological processes and mechanisms. Conserved responses 

observed in wound repair have been classically characterized by three general stages: 

inflammation, new tissue formation, and remodeling [1]. While each stage serves a specific 

function and occurs at predictive time points, the healing process is described to transpire in 

continuous interdependent cellular and molecular steps that have not yet been fully 

elucidated [2]. Impairment of central steps, influenced by the severity and management of 

the wound, may delay repair or lead to additional detrimental risks, such as the development 

of non-viable tissue [3]. A heightened understanding of innate wound healing mechanisms 

offers opportunities to enhance medical treatments [4] and prevent further complications. 

Specifically, temporal and spatial changes of injury biomarkers are areas that have yet to be 

fully elucidated, but present prospective approaches to accelerate or aid in the recovery 

process. For example, progressive wound treatment strategies, such as tissue engineering, 

can be improved through the elucidation of spatial molecular patterns in injured tissue [5]. 

Additionally, standard techniques used to facilitate wound healing, such as surgical 

debridement [6] can be further refined through a better understanding of the spatiotemporal 

distribution of injury biomarkers. Determining the spatial aspect of repair may potentially 

aid surgeons to better determine which tissue to debride, while the temporal aspect of repair 

may help predict the outcome of injured tissue.

Most molecular level tissue injury response studies have focused on the time course of 

responses following injury, but the spatial aspect of molecular injury responses can also 

provide valuable insight for the understanding and treatment of traumatic wounds [7]. 

Several studies have reported various mechanistic features involved in healing: temporal and 

tissue dependent distributions of protein expression [8], temporal response of growth factors 

[9] and chemokines [10], and temporal and spatial responses of cytokines [11]. However, 

there has not yet been an investigation evaluating spatial and temporal phosphoprotein 

responses following a traumatic fracture injury. Protein phosphorylation is a fundamental 

and vital process centrally involved in many cellular processes that are intimately involved in 

the response to traumatic injury, including a role in the regulation of cell (and ultimately 

tissue) survival [12]. For instance, phosphorylation activity is notably involved in initiating 

cellular signaling cascades that are vital to all three stages of wound healing [13–15]. Thus, 

activation or deactivation of phosphoproteins, as well as fluctuations in phosphorylation 

levels, may describe cell signaling activity in states of cellular distress or different phases of 

recovery [16]. Examining phosphorylation changes under injured conditions lends a 

depiction of the healing process from a signaling aspect that may further advance the 

understanding and treatment of wounds.

Protein phosphorylation is a primary means by which extracellular signals, such as 

cytokines, are integrated within target cells, allowing cells to respond in a regulated manner 

and carry out the wound healing process. Phosphorylation levels observed in various 

severities of injury, ranging from traumatic brain injury [17] to dermal chemical burns [18], 

have been shown to exhibit distinct temporal response patterns. Certain phosphoproteins 

hold an especially central role in cell growth and survival, such as those within the mitogen-
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activated protein kinase (MAPK) family. MAPK signaling is widely integrated in many 

processes responding to cellular distress. For instance, the involvement of increased MAPK 

signaling is becoming progressively prominent as a marker in many inflammatory diseases 

[19]. ERK1/2 [20], MEK [21], and JNK [22] are major components in the MAPK signaling 

pathway that have been described to significantly experience alterations during the repair 

process. Additionally, the coordination between MAPK pathway phosphorylation mediated 

signaling and other regulatory elements, such as growth factors, has been observed in cases 

of injury and wound healing [23].

In our previous research [11], we demonstrated a spatial cytokine distribution that exists 

following a Gustilo III-B [24] leg fracture in rats. As a continuation of that study, we have 

investigated the spatial and temporal intracellular phosphoprotein response in skeletal 

muscle tissue following traumatic injury. This study is the first to address measurable spatial 

and temporal differences of phosphoproteins found in muscle tissue following a traumatic 

injury severe enough to cause a bone fracture. Total levels of proteins in the MAPK family, 

along with an additional cohort of tightly associated downstream protein kinases, were 

measured in order to identify the differential distribution in response to the injury. 

Phosphorylation levels of proteins were also measured with an intention to further explore 

signaling activity during the recovery process. Spatial and temporal differences of all 

measured responses were statistically identified using ANOVA, and quadratic discriminant 

analysis was additionally used to classify temporal and spatial observations. Phosphoprotein 

responses measured in this study were also found to be related to previously published 

spatial and temporal cytokine responses [11]. Specifically, correlation analysis was 

conducted using total protein, phosphorylation, and previously published cytokine levels 

(measured from the same collected tissues) from Currie 2014, which for the first time allows 

a spatiotemporal examination of the coordinated relationship between cytokines and 

phosphoprotein (i.e. extracellular and intracellular) responses post traumatic injury. Overall, 

this research represents an alternative view of cellular response to a traumatic injury that 

offers an enhanced understanding of the underlying mechanisms that are involved in both 

initial response and repair.

2. Materials and methods

2.1. Animals

Adult male Sprague–Dawley rats were housed individually with a 12:12 light/dark cycle 

with ad libitum access to standard rat chow and water. Four time points were studied with 3 

replicates each (N = 3) for a total of 12 rats for the study. All procedures were performed 

under the guidelines approved by the West Virginia University Animal Care and Use 

Committee.

2.2. Femur fracture

Buprenorphine SR was pre-operatively administered subcutaneously as an analgesic 

providing 72 h pain relief. Rats were anesthetized intraperitoneally with Ketamine (80–90 

mg/kg) and Xylazine (10–15 mg/kg). This combination of analgesic and anesthetics has 

previously been identified as the best combination for avoiding significant modulation of 
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cytokine responses in a rat model [25]. Analgesics and anesthetics were additionally injected 

into the scruff on the back of the rat’s neck. After administration of anesthesia, all animals 

were subjected to a standardized femur fracture on one leg using a custom designed tool in 

which a weight is dropped in a consistent fashion onto the mid-shaft of the rat’s thigh [26]. 

This tool delivers a calculated force of 104.80 Newtons, generating a reproducible femur 

fracture and associated soft tissue injury. An incision was made to visualize the fracture to 

allow drilling of a hole into the proximal femur to allow a 0.045 in. Kirschner wire (K-wire) 

to be inserted down the intramedullary canal to fix the fracture. The incision was closed 

starting with the fascia, followed by a stainless steel suture on the skin. Rats were 

subcutaneously administered Yohimbine (2 mg/kg) post-operatively to reverse the Xylazine 

and were closely observed during recovery for signs of distress.

2.3. Sample preparation

Three rats were sacrificed at each of 4 time points (0, 6, 24, and 168 h post-fracture). It is 

crucial to understand that the t = 0 time point is not a true zero; instead, t = 0 represents the 

brief elapsed period of time between the occurrence of the traumatic injury and the 

collection of tissue samples. Rats were anesthetized intraperitoneally with Ketamine (80–90 

mg/ kg) and Xylazine (10–15 mg/kg). One cc of Euthasol was then administered via 

intracardiac puncture. Skeletal muscle tissue was harvested from the following three 

locations: at the site of the fracture, 1.0 ± 0.2 cm away from the site of fracture, and from the 

leg opposite to the fractured leg [11]. Samples were immediately rinsed with ice cold 

phosphate buffered saline (PBS), snap frozen, and stored at −80 °C. Protein extraction was 

achieved using methods adapted from Hulse et al [27]. Samples were subsequently ground 

cryogenically and lyophilized. For analyses, 2–3 mg of lyophilized tissue sample was 

thawed for 10 min at 4 °C in cell lysis buffer (Bio-Rad, Hercules, CA) containing 20 mM 

phenylmethylsulfonyl fluoride (Sigma, St. Louis, MO). Thawed samples were then vortexed 

for 1–3 s and homogenized with 3 rapid pulses using an ultrasonic dismembrator. Following 

an additional 1–3 s of vortexing, samples were centrifuged at 5000g for 5 min at 4 °C. The 

supernatant was collected and total protein concentration was determined using the RCDC 

protein assay (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. 

Absorbance values were determined using an Infinite M1000 plate reader (Tecan, Raleigh, 

NC).

2.4. Analyte measurement

Sample homogenates were diluted to a total protein concentration of 900 μg/ml with sample 

diluent (Bio-Rad, Hercules, CA). The relative abundance of total protein was determined 

using a Bio-plex kit containing polystyrene, non-magnetic antibody coated beads specific for 

Akt, c-Jun, CREB, ERK1/2, JNK, MEK1, and p38. Phosphoproteins were assayed using the 

Bio-plex phosphoprotein kit containing polystyrene, non-magnetic antibody coated beads 

specific for the following targets phosphorylated at the indicated amino acid residues: Akt 

(Ser472), c-Jun (Ser63), CREB (Ser133), ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), JNK 

(Thr183/Tyr185), MEK1 (Ser217/ Ser221), p38 (Thr180/Tyr182), GSK-3α/ß (Ser21/Ser9), 

HSP27 (Ser78), IκBα (Ser536), p70S6K (Thr421/Ser424), and STAT3 (Tyr705). All beads 

were analyzed using the Bio-Plex 200 suspension array system, along with the Pro II Wash 

Station (Bio-Rad, Hercules, CA), according to the manufacturer’s instructions.
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2.5. Statistical analysis

Data were analyzed using Prism 5 (GraphPad, San Diego, CA) and SAS JMP (Carey, NC). 

Protein abundances were compared to a blank subtracted intensity of the relative 

fluorescence intensity (RFI) measured for each antibody-coated bead. Two-way analysis of 

variance (ANOVA) with Bonferroni’s post-test was carried out using Prism 5, which 

identified significant differences (p < 0.05) between each sampling location and between 

time points. All measurements were performed in duplicate. Data are expressed as the mean 

± standard error of the mean (SEM).

Quadratic discriminant analysis was conducted to evaluate the combined capacity of the 

protein, phosphoprotein, and cytokine responses [11] to predict the corresponding location 

and time of the injury. Using SAS JMP, all measured responses were cast as covariates (Y) 

and either location or time was assigned as the classification category (X); the Shrink 
Covariances option was applied to account for the different covariance within the categories. 

This analysis included 36 observations (3 rats for each of the 3 locations and 4 time points) 

for 25 different covariates. The mean of the covariates in a specific group was calculated, 

along with 95% confidence levels. Finally, biplot rays were determined that indicate how 

each covariate fits into the canonical space, with the direction signifying the degree of 

association within that space.

Significant pairwise correlations (p < 0.05) between cytokine and total protein/

phosphoprotein responses were determined using SAS JMP. This analysis investigated the 

association of total protein levels and phosphorylation responses with cytokine production at 

each time point and sample location. Data used for spatial correlation analysis consisted of 

values from every time point (0, 6, 24, and 168 h), with a maximum N of 12. Data used for 

temporal analysis included values from all sample locations (At fracture, 1-cm away, and 

uninjured leg), with a maximum N of 9. Outliers, or data points that were driving the 

correlation were identified and eliminated using boundaries set by the interquartile range.

3. Results

3.1. Spatial and temporal total protein levels

Relative levels of total protein, regardless of the phosphorylation state (phosphorylated or 

unphosphorylated) are presented in Fig. 1 for 7 targets: Akt, c-Jun, CREB, ERK1/2, JNK, 

MEK1, and p38. Immediately following injury (at hour 0), total Akt and ERK1/2 levels were 

significantly higher (p < 0.05) in tissue taken from the uninjured leg in comparison to tissue 

at the fracture site and to the tissue sampled 1-cm away from the fracture. No other proteins 

exhibited significant differences among the three sample sites at hour 0. At 6 h post-fracture, 

expression of only p38 was significantly different at the fracture site compared to the 

amount found in the uninjured tissue. Spatial variances in p38 expression continued to 

persist at 24 h post-fracture, when the level at the fracture site was significantly lower than 

levels found in both 1-cm away and uninjured tissue samples. MEK1 was additionally 

observed to exhibit a spatial gradient 24 h after injury, with significantly lower levels at the 

fracture site compared to tissue 1-cm away and in the uninjured leg.
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The highest number of significant differences in protein expression among different 

sampling locations was observed 168 h post-fracture. Expression levels of Akt and ERK1/2 

were significantly higher at the site of injury in comparison to the uninjured leg, while c-Jun, 

CREB, JNK, and p38 levels were all statistically higher at the site of fracture in comparison 

to both 1-cm away and uninjured tissue samples. It was noted that the spatial pattern 

observed at 168 h was opposite the trend observed at the earlier time points, with protein 

expression levels being highest at the site of fracture.

3.2. Spatial and temporal response of phosphorylated proteins

To further examine the contribution of the selected proteins, phosphorylation levels were 

determined for the following targets: Akt, c-Jun, CREB, ERK1/2, JNK, MEK1, p38 (Fig. 2). 

In addition, phosphorylation responses of GSK-3α/ß, HSP27, IκBα, p70S6K, and STAT3 

(Fig. 3) were also measured. No statistically significant spatial differences for 

phosphorylated JNK or IκBα were observed at any time point. At 0 h post-fracture, 

phosphorylated levels of Akt, c-Jun, ERK1/2, GSK-3α/ß, HSP27, p70S6K, and STAT3 were 

significantly higher in tissue taken from the uninjured leg compared to both tissue samples 

collected at the fracture site and 1-cm away from the fracture. In contrast, CREB 

phosphorylation levels only differed between the uninjured and 1-cm away site, while 

phosphorylation of MEK1 and p38 did not present any spatial differences.

At the later time points, the number of phosphorylated proteins with significant spatial 

differences decreased. Only Akt, GSK-3α/ß, and MEK1 displayed spatial gradients at 6 h 

post-fracture, with the lowest degree of phosphorylation at the site of fracture for Akt and 

GSK-3α/ß. At 24 h post-fracture, GSK-3α/ß continued to present spatial phosphorylation 

differences, along with a newly present p38. Phosphorylation levels of both GSK-3α/ß and 

p38 were lowest at the site of fracture during this time. The distribution of phosphorylated 

proteins at the final time point (168 h) deviated from the pattern observed at the earlier 

times. While most of the gradients revealed lower levels of phosphorylated protein at the 

fracture site at 0, 6, and 24 h, the levels of phosphorylated MEK1 and p70S6K were highest 

at the site of tissue injury at 168 hours post-fracture.

3.3. Spatial and temporal cytokine concentrations

Fig. 4 shows an adapted figure from Currie, et al. demonstrating spatial and temporal 

differences of cytokine responses following the same traumatic injury as described in this 

paper [11]. Concentrations of the following cytokines were measured: IL-1α, IL-1ß, IL2, 

IL6, TNF-α, and MIP-1α. IL-2 was the sole cytokine with any spatial differences at t = 0, 

but did not exhibit any significant differences at the other time points. IL-1ß and IL6 

displayed strong significant changes in spatial response only at t = 6, while IL-1α 
represented the single cytokine to express spatial alterations at t = 24. TNF-α, and MIP-1α 
did not exhibit any statistically significant spatial nor temporal differences.

3.4. Quadratic to discriminant analysis used predict location and of time injury

Quadratic discriminant analysis was performed using all measured responses: total protein 

concentration (Akt, c-Jun, CREB, ERK1/2, JNK, MEK1, p38), phosphorylation levels (p-

Akt, p-c-Jun, p-CREB, p-ERK1/2, p-JNK, p-MEK1, p-p38, p-GSK-3α/ß, p-HSP27, p-
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IκBα, p-p70S6K, and p-STAT3), and cytokine concentrations determined in a previous 

study (IL-1α, IL-1ß, IL2, IL6, TNF-α, and MIP-1α) [11]. This analysis classified the 

combined observed responses into pre-determined groups (location or time) by plotting each 

collective observation against two canonical coordinates. In Figs. 5 and 6, the location and 

time of injury were predicted based on the responses associated with each sample, 

respectively. In total, discriminant analysis misclassified only 10 observations out of 36 for 

location predictions and none for time predictions: 4 observations that were derived from 

samples taken from the site of injury were predicted as belonging to the 1-cm away group 

and 6 observations that were associated with samples from the other uninjured leg were 

incorrectly grouped in the 1-cm away group.

3.5. Correlation between and cytokine phosphoprotein response

The results of the correlation analysis between protein and phosphorylation responses in this 

study (Akt, c-Jun, CREB, ERK1/2, JNK, MEK1, p38, GSK-3α/ß, HSP27, IκBα, p70S6K, 

and STAT3) and cytokine responses from a previous study (IL-1α, IL-1ß, IL2, IL6, TNF-α, 

and MIP-1α) [11] are presented in Tables 1–4. The responses were compared across the 

three locations and at each of the four time points. It is important to note that these 

correlations are possible because the tissue samples are from the same animals, locations, 

and time points as described in Currie, 2014. Significant spatial correlations (Tables 1 and 2) 

identified certain cytokines and phosphoproteins that responded similarly at particular 

locations. At the site of the fracture, MIP-1α was a noted contributor with negative 

correlations to four proteins (CREB, MEK, c-Jun, and Akt) and phosphorylation responses 

of five phosphoproteins (Akt, p70S6K, GSK-3α/ß, MEK1, and ERK1/2). Although there 

were no statistically significant spatial nor temporal differences for MIP-1α, a general 

decrease in concentration can be seen with increasing time. Moving 1-cm away from the site 

of injury, IL2 and IL-1ß joined MIP-1α in being negatively correlated to a larger collection 

of proteins and phosphoproteins with the exception of two positive correlations between 

IL2/IκBα and IL-1ß/STAT3 (Table 2). More positive correlations were identified in the 

sample from the uninjured leg: MEK1 levels were negatively correlated to cytokines IL6 and 

IL2 measured in the uninjured leg, while Akt levels were positively correlated to one 

cytokine (IL-1α). All positive correlations between phosphorylation and cytokine responses 

(IL2/STAT3, IL2/JNK, TNF-α/ERK1/2, TNF-α/p70S6K) were also found in the uninjured 

leg.

Temporal correlation analysis between total protein and cytokine levels (Table 3) identified 

eight significant pairs at 0 hours post fracture (IL6/p38, IL6/c-Jun, IL6/MEK1, IL-1α/c-Jun, 

TNF-α/p38, IL2/p38, IL2/MEK1, and MIP-1α/c-Jun), six pairs at 6 hours post fracture 

(IL6/p38, IL6/ERK1/2, IL6/JNK, IL-1ß/p38, IL-1ß/JNK, and IL-1ß/ERK1/2), and no 

correlations at 24 and 168 hours post fracture. Temporal correlation analysis between 

cytokine and phosphoprotein responses (Table 4) determined five pairwise correlations at 0 

hours post-fracture (IL-1α/GSK-3α/ß, IL-1α/p70S6K, IL6/CREB, IL2/CREB, and IL2/

MEK1), three correlations at 6 h (IL-1α/c-Jun, IL-1ß/JNK, and MIP-1α/Akt), three 

correlations at 24 h (IL6/HSP27, IL6/CREB, and IL-1ß/HSP27), and zero correlations at 168 

h. All correlations between protein and cytokine levels were negative, while a mixture of 

positive and negative correlations was identified for phosphorylation and cytokine responses.
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4. Discussion

Spatial and temporal differences in phosphorylation mediated signaling in response to a 

traumatic injury is still an unfamiliar area within the field of wound healing mechanisms. 

Injury and repair biomarkers, including cytokines, neutrophils, leukocytes, and growth 

factors are some of the more characterized aspects, but piecing all of the components 

together is a necessity to improve our understanding of the wound healing process. This 

study provides a depiction of the intracellular signaling that occurs as a result of a 

reproducible leg fracture model, in an effort to deliver an enhanced understanding of the 

healing process and treatment options. Defining location and time dependent differences in 

phosphoprotein response, along with identifying associations with cytokine production, was 

the focus of this investigation.

Measurement of the total protein levels (phosphorylated and unphosphorylated) identified 

several proteins with a suggested significance at certain time points and locations (Fig. 1). In 

particular, a differential distribution of Akt and ERK protein expression at the different 

sampling locations was observed. Akt and ERK1/2 pathways are notably recognized as key 

contributors of cell growth and survival [28,29] and the data in this study demonstrated that 

they become more active, through increased expression, during the later stages in the healing 

process when new tissue formation and remodeling is likely to occur. Other proteins (c-Jun, 

CREB, JNK, MEK1, and p38) also exhibited significant spatial differences at later time 

points. In agreement with previous studies, MAPK signaling pathways involving ERK1/2, 

MEK1, and JNK have been reported to respond to injuries induced in skeletal muscles [30].

While assessing protein expression can offer substantial insight into the healing mechanism, 

it is necessary to evaluate the associated post-translational activity since alterations in 

protein abundance are not as immediate as phosphorylation processes. All of the measured 

total proteins were evaluated for phosphorylation responses, and in an effort to investigate a 

larger collection of phosphorylation changes, GSK-3α/ß, HSP27, IκBα, p70S6K, and 

STAT3 were also monitored (Figs. 2 and 3). Similar to the response of total protein 

expression, the results indicate that protein phosphorylation at early time points (0 and 6 h 

post injury) is generally decreased at the fracture site and surrounding regions, as there were 

no instances where phosphorylated protein levels were lower in the uninjured tissue. This 

decrease in phosphorylation may be due to a combination of increased apoptosis [31], 

decreased cellular regulation over kinase activity [32], injury induced hypoxia [33] and, in 

contrast, hyperoxia [34], or ATP availability [35]. For proteins that experienced increases in 

phosphorylation at or near the site of fracture, this typically occurred at the later time points, 

suggesting prominent roles for these proteins in the later stages of mediating repair. It is 

important to note that a decreased level in phosphorylation does not necessarily equate to a 

decrease in activity of that protein. For instance, a decrease in Ser-21/9 phosphorylation on 

GSK-3α/ß corresponds to an increase in GSK-3α/ß activity [36]. Two of the measured 

phosphoproteins, JNK and IκBα, did not exhibit temporal or spatial differences in 

phosphorylation, but this is only true at the specific time points selected in this study.

In order to begin to understand the integrated cellular response to traumatic injury and 

follow-on wound healing, it is also useful to examine the relationships and coordinated 
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efforts of related proteins. For example p70S6K is implicated as a downstream target of the 

Akt/mammalian target of rapamycin (mTOR) signaling pathway following its activation 

during muscle remodeling [37]. The Akt signaling pathway is also known to promote protein 

synthesis to increase muscle mass through the activation of p70S6K [38]. In agreement with 

these previous studies, this work shows that at the last time point measured (168 h post-

fracture), at the site of fracture, the phosphorylation levels of Akt had increased and returned 

to comparable levels as found in the uninjured leg. At the same time, phosphorylation levels 

of p70S6K were also significantly amplified at the site of fracture, indicating the increased 

phosphorylation levels of both proteins may signify crucial times of muscle repair. 

GSK-3α/ß, another downstream target of the Akt signaling pathway, is known to be an 

extremely important mediator of muscle tissue plasticity, and has been observed to increase 

in activity in skeletal muscle resulted from burn injuries [39]. Akt inhibits GSK-3α/ß 

activity directly by phosphorylating Ser-21 and Ser-9 on the α and ß isoforms, respectively 

[40]. At the 0 time point, Akt protein expression and phosphorylation along with GSK-3α/ß 

phosphorylation seemed to be in accord, with significantly lower levels at the fracture site in 

comparison to the uninjured leg. These results suggest GSK-3α/ß phosphorylation is 

associated with Akt during early periods after the fracture.

One of the most well characterized aspects of the response to traumatic injury is the 

regulatory role of cytokines. Cytokine production has been shown to reflect the degree of 

tissue trauma, and temporal changes in cytokine concentrations have been shown to correlate 

with adverse early post-trauma implications such as acute respiratory distress syndrome 

(ARDS) [41], multiple organ failure (MOF) [42], and mortality [43]. In previous studies, 

correlations between repair biomarkers and phosphoprotein responses have been identified. 

For instance, the degree of GSK-3α/ß phosphorylation is reported to be strongly correlated 

to levels of β-catenin protein, a crucial regulator of wound healing [44]. p38 is also known to 

respond to cytokines and various types of stress [45] and has been shown to increase 

dramatically in injured human muscle [46]. In the context of wound healing, cytokine 

expression and phosphorylation levels of associated proteins have been linked together [47], 

implicating the importance of integrated extracellular and intracellular signaling during 

crucial periods of repair. Cytokine responses (Fig. 4) from previous research also exhibited a 

spatiotemporal distribution as a result of the same traumatic injury. In this study, 

discriminant analysis was conducted using protein, phosphorylation, and cytokine levels in 

order to evaluate all three responses, collectively, for all locations and time points. 

Correlation analysis was also performed to investigate the pairwise spatiotemporal 

relationships among total protein, phosphoproteins, and cytokines.

Discriminant analysis has previously been demonstrated to successfully predict adverse 

outcomes, such as ligament injuries [48], cardiotoxicity [49], and asphyxia [50]. Instead of 

predicting adverse outcomes, the observed responses reported in this study were used to 

distinguish between different locations and times of injury (Figs. 5 and 6). Classification of 

the observations based on time yielded a prediction rate of 100%, while classification based 

on location yielded a prediction rate of about 72%, incorrectly placing 10 out of 36 

observations into the wrong groups. The misclassified observations only occurred for 

location predictions: 4 observations from the site of injury group were predicted as 

belonging to the 1-cm away group and 6 observations from other uninjured leg group were 
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incorrectly grouped in the 1-cm away group. These misclassifications were not unexpected 

because although the 1-cm away samples are technically uninjured tissue, the surrounding 

area near the site of injury still experienced indirect impacts (i.e. inflammation) from the 

traumatic injury. These results indicate that there is a strong temporal and spatial distinction 

in tissue response following a traumatic injury that can be observed with both intracellular 

(total protein, phosphorylation) and extracellular (cytokine) responses, further confirming 

that a distinct spatiotemporal gradient for all three responses exist. The promising predictive 

rates also suggest a coordinated effort of proteins, phosphorylation signaling, and cytokine 

regulation in response to the injury since each observation (data point in the canonical plot) 

integrated all measurements of the dataset.

Finally, significant correlated pairings of phosphoprotein and cytokine responses were 

discerned (Tables 1–4) in order to monitor how associated pairs may be altered over time 

and location. As a primary marker of injury, cytokines may be critical for initiating certain 

processes, such as protein expression or phosphorylation, especially in cases of traumatic 

tissue injury. The absence and/or development of correlations may be indicative of the 

progression of the healing process, or lack thereof. For instance, all correlations between 

total protein and cytokines were negative at the two early time points, suggesting some form 

of ordered regulation. After 6 h, zero correlations were observed, indicating a drastic change 

in cytokine production, protein expression, or both. While these results offer a glimpse of the 

tightly coordinated signaling efforts at distinct phases of repair, we believe that a more 

comprehensive modeling effort of spatiotemporal responses should be undertaken in order to 

improve our understanding of this fundamental process.

5. Conclusions

The vast majority of studies investigating the specific roles of proteins under injurious 

inflammatory inducing conditions are performed in vitro, typically focusing on the up or 

down regulation of a few select proteins. The results presented here are unique in that they 

reflect the entire tissue response to trauma. Overall, the data indicate that there are 

observable significant spatial differences in the levels of phosphorylated proteins following a 

traumatic injury. This is the first study to analyze the levels of phosphorylated proteins in 

tissue samples at different distances from a traumatic injury. It provides evidence that 

monitoring phosphoproteins could potentially be used to spatially assess the state of injured 

tissue. Additionally, exploring the integration of phosphoprotein and cytokine signaling roles 

under conditions of distress offers insight into the healing mechanism. This information may 

potentially be helpful in adapting or refining wound treatment procedures, such as the 

debridement of non-viable tissue, in order to prevent additional adverse outcomes resulting 

from possible treatment complications.
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Fig. 1. 
Total protein concentration measured across time and location in response to a traumatic 

injury. Relative fluorescence intensity (RFI) associated with total protein concentrations of 

the following proteins were assayed across four time points and three different locations 

following the femur fracture: Akt, c-Jun, CREB, ERK1/2, JNK, MEK1, and p38. 

Statistically significant differences (p < 0.05) in protein concentration between different 

locations are marked with matching symbols (* or #). Error bars reflect ± standard error of 

the mean.
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Fig. 2. 
Phosphorylation levels measured across time and location in response to a traumatic injury. 

Levels of phosphorylated protein of Akt, c-Jun, CREB, ERK1/2, JNK, MEK1, and p38 were 

determined for each time point and location. Concentrations are expressed as relative 

fluorescence intensity (RFI). Statistically significant differences (p < 0.05) in protein 

concentration between different locations are marked with matching symbols (* or #). Error 

bars reflect ± standard error of the mean.
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Fig. 3. 
Phosphorylation levels measured across time and location in response to a traumatic injury. 

Levels of phosphorylated protein of GSK-3α/ß, HSP27, IκBα, p70S6K, STAT3 were 

determined for each time point and location. Concentrations are expressed as relative 

fluorescence intensity (RFI). Statistically significant differences (p < 0.05) in protein 

concentration between different locations are marked with matching symbols (* or #). Error 

bars reflect ± standard error of the mean.

Han et al. Page 16

Cytokine. Author manuscript; available in PMC 2019 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Cytokine levels measured across time and location in response to a traumatic injury. 

Concentrations (ng/g) of IL-1α, IL-1ß, IL2, IL6, TNF-α, and MIP-1α were determined for 

each time point and location. Statistically significant differences (p < 0.05) of cytokine 

concentration between different locations at each time point are marked with matching 

symbols (*, #, or %). Error bars reflect ± standard error of the mean. Figure reprinted from 

Cytokine, 66, H.N. Currie, M.S. Loos, J.A. Vrana, K. Dragan, J.W. Boyd, Spatial cytokine 
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distribution following traumatic injury, 112–118, Copyright 2014, with permission from 

Elsevier.
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Fig. 5. 
Canonical scores plot for the identification of the location of injury. Canonical scores for 

each covariate calculated by quadratic discriminant analysis are plotted. The different 

locations of injury, at the site (red circles), 1-cm away (green triangles), and on the other 

uninjured leg (blue squares), were identified. The + signifies the mean of the covariates in 

each group. The ellipses represents a 95% confidence level and the biplot rays describe the 

degree of association of a certain covariate with the canonical variables. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of 

this article.)
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Fig. 6. 
Canonical scores plot for the identification of the time of injury. Canonical scores for each 

covariate calculated by quadratic discriminant analysis are plotted. The different times of 

injury, 0 (blue squares), 6 (green triangles), 24 (purple X’s) and 168 (red circles) h were 

identified. The + signifies the mean of the covariates in each group. The ellipses represents a 

95% confidence level and the biplot rays describe the degree of association of a certain 

covariate with the canonical variables. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.)
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Table 1

Results of spatial cytokine-total protein response correlation analysis. Pearson correlation coefficients (r) and 

significance values (p) for associated cytokines and total protein levels across all sampling locations are listed. 

N =12 and any outliers driving correlations were identified and removed.

Cytokine Total protein Correlation (r) p

At fracture

MIP-1α CREB −0.7570 0.0112

MIP-1α MEK1 −0.7740 0.0086

MIP-1α c-Jun −0.7447 0.0135

MIP-1α Akt −0.6485 0.0425

IL2 MEK1 −0.7521 0.0121

TNF-α MEK1 −0.7728 0.0088

IL-1α MEK1 −0.6630 0.0367

IL-1α JNK −0.6302 0.0377

IL-1β ERK1/2 −0.6498 0.0420

1-cm Away

MIP-1α CREB −0.7023 0.0109

MIP-1α p38 −0.5849 0.0458

IL2 CREB −0.7846 0.0025

IL2 Akt −0.5873 0.0447

Uninjured leg

IL6 MEK1 −0.7139 0.0091

IL2 MEK1 −0.5944 0.0415

IL-1α Akt 0.6174 0.043
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Table 2

Results of spatial cytokine-phosphorylated protein response correlation analysis. Pearson correlation 

coefficients (r) and significance values (p) for associated cytokines and phosphorylation responses across all 

sampling locations are listed. N = 12 and any outliers driving correlations were identified and removed.

Cytokine Phosphoprotein Correlation (r) P

At fracture

MIP-1α p-Akt −0.8639 0.0013

MIP-1α p-p70S6 −0.8297 0.0016

MIP-1α p-GSK-3α/β −0.8161 0.0022

MIP-1α p-MEK1 −0.6863 0.0197

MIP-1α p-ERK1/2 −0.6515 0.0299

1-cm Away

MIP-1α p-Akt −0.6449 0.0321

MIP-1α p-GSK-3α/β −0.5807 0.0477

IL2 p-p70S6 −0.7543 0.0046

IL2 p-Akt −0.7547 0.0073

IL2 p-IκBα 0.6273 0.0388

IL2 p-GSK-3α/β −0.5913 0.0429

IL-1β p-STAT3 0.7341 0.0066

Uninjured leg

IL2 p-STAT3 0.6633 0.0261

IL2 p-JNK 0.6416 0.0333

TNFα p-ERK1/2 0.8460 0.0005

TNFα p-p70S6 0.7598 0.0041
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Table 3

Results of temporal cytokine-total protein response correlation analysis. Pearson correlation coefficients (r) 
and significance values (p) for associated cytokines and total protein levels across all time points are listed. N 
=9 and any outliers driving correlations were identified and removed.

Cytokine Total protein Correlation (r) P

T = 0

IL6 p38 −0.7923 0.0109

IL6 c-Jun −0.8543 0.0144

IL6 MEK1 −0.6888 0.0402

IL-1α c-Jun −0.8885 0.0075

TNFα p38 −0.7761 0.0139

IL2 p38 −0.7291 0.0258

IL2 MEK1 −0.7252 0.0270

MIP-1α c-Jun −0.8098 0.0273

T = 6

IL6 p38 −0.8690 0.0024

IL6 ERK1/2 −0.8733 0.0046

IL6 JNK −0.8410 0.0089

IL-1β p38 −0.8507 0.0036

IL-1β JNK −0.8225 0.0122

IL-1β ERK1/2 −0.8865 0.0033

T =24 No correlations

T =168 No correlations
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Table 4

Results of temporal cytokine-phosphorylated protein response correlation analysis. Pearson correlation 

coefficients (r) and significance values (p) for associated cytokines and phosphorylation responses across all 

time points are listed. N = 9 and any outliers driving correlations were identified and removed.

Cytokine Phosphoprotein Correlation (r) P

T = 0

IL-1α p-GSK-3α/β −0.7709 0.0251

IL-1α p-p70S6 −0.7538 0.0308

IL6 p-CREB 0.7121 0.0314

IL2 p-CREB 0.6966 0.0371

IL2 p-MEK1 0.6834 0.0424

T = 6

IL-1α p-c-Jun 0.8207 0.0125

IL-1β p-JNK 0.7943 0.0186

MIP-1α p-Akt −0.7101 0.0484

T = 24

IL6 p-HSP27 0.9184 0.0035

IL6 p-CREB 0.7892 0.0349

IL-1β p-HSP27 0.8060 0.0286

T = 168 No correlations
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