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Abstract

While obesity and insulin resistance are known risk factors for wound complications after

total joint arthroplasty (TJA), the biologic causes remain to be elucidated. Recently, neutro-

phil extracellular trap formation (NETosis) was identified as a mediator of delayed wound

healing in insulin resistant states. Herein, we explored the relationship between obesity,

insulin resistance and biomarkers of NET formation in TJA subjects. We enrolled 14 obese

(body mass index [BMI]�30 kg/m2), and 15 lean (BMI<30 kg/m2) subjects undergoing pri-

mary knee or hip TJA. On the day of surgery, skeletal muscle proximal to the operated joint

and plasma were collected. Protein abundance of NETosis biomarkers, peptidylarginine

deaminase 4 (PAD4) and neutrophil elastase (NE) were assessed in skeletal muscle by

immunoblotting and metabolic parameters (glucose, insulin, triglycerides, free fatty acids)

and cell-free double-stranded DNA (cf-dsDNA) were assessed in plasma and were corre-

lated with obesity and insulin resistance (as measured by the homeostatic model assess-

ment for insulin resistance). When comparing lean and obese subjects, there were no

significant differences in plasma cf-dsDNA or skeletal muscle NE or PAD4 abundance. In

contrast, skeletal muscle PAD4 abundance, but not NE or plasma cf-dsDNA, was positively

correlated with insulin resistance. Compared to insulin sensitive subjects, insulin resistant

TJA subjects have higher expression of PAD4 at the surgical site and therefore may have

higher rates of NET formation, which may lead to delayed surgical site wound healing.

Introduction

Total joint arthroplasty is an increasingly common surgery for orthopaedic surgeons, with an

estimated prevalence of 7 million patients in the United States and 1 million total hip and knee

arthroplasties performed each year [1, 2]. A potentially disastrous complication of total joint
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arthroplasty is post-operative wound infection at the surgical site, which can lead to peripros-

thetic joint infection and the need for revision arthroplasty.

Disregarding iatrogenic causes, one of the major risk factors for periprosthetic joint infec-

tion is obesity [3–5]. Numerous studies have demonstrated a link between obesity and delayed

wound healing [6–8], which may, in part, explain its contribution to increased risk of peripros-

thetic joint infection. The possible molecular mechanisms behind this include decreased capil-

lary proliferation [8], decreased keratinocyte proliferation [9], and/or increased inflammation

and oxidative stress [10]. However, the pathophysiology underlying how obesity leads to

delayed wound healing remains elusive. Notably, type 2 diabetes and insulin resistance, which

are closely tied to obesity [11], also delay wound healing [12–15]. In fact, recently type 2 diabe-

tes and hyperglycemia were individually found to delay wound healing in mice via the priming

of neutrophils to undergo neutrophil extracellular trap (NET) formation, in a process referred

to as NETosis [14, 16].

NET formation was originally identified as a host defense mechanism in which neutrophils

release decondensed chromatin and anti-pathogenic proteins to eliminate infectious organ-

isms [17]. At a molecular level, NET formation occurs via the activation of peptidylarginine

deaminase 4 (PAD4), a nuclear enzyme that promotes the citrullination and reduction of his-

tones, weakening their interactions with DNA, thus facilitating the decondensation of chroma-

tin [18–21]. The decondensed chromatin is combined with anti-pathogenic proteins such as

neutrophil elastase (NE), before being released outside of the cell as cell-free double-stranded

DNA (cf-dsDNA) to trap and destroy virulent factors [17, 22]. Interestingly, while NET forma-

tion is protective against infection due to the sequestering and destroying pathogens, it can be

harmful due to causing delayed wound healing [14, 15]; thus, whether the presence of NETs is

protective or harmful towards wound infection is still an open question in the field.

Since ~35% of the US population is classified as obese [23] and 90% of type 2 diabetes patients

are obese [24], elucidating potential contributing factors to delayed wound healing in total joint

arthroplasty patients is of upmost importance, as the likelihood of a surgeon operating on this

population is high. Considering the interrelationship between NET formation in wounds and

delayed wound healing in insulin resistant states [14, 16], understanding how these factors interact

in total joint arthroplasty patients could help establish recommendations for pre- and post-opera-

tive treatment in surgical patients. Accordingly, in this study, our aim was to investigate the rela-

tionship between markers of NET formation and the degree of adiposity and insulin resistance in

total joint arthroplasty patients. We hypothesized that obese and insulin resistant patients would

have higher markers of NETosis in skeletal muscle within the surgical site.

Materials and methods

Subjects

This study received Institutional Review Board approval from the University of California San

Diego Human Research Protections Program (IRB: 151506; Approved 10/22/2015) and writ-

ten informed consent was obtained from each patient before the initiation of the study. From

January–March 2016 we enrolled subjects who were undergoing primary total joint arthro-

plasty (hip or knee) in the Department of Orthopedic Surgery at the University of California,

San Diego. Due to variations in the underlying pathophysiology of indications for total joint

arthroplasty, only subjects with degenerative osteoarthritis as their indication for surgery were

included in this study. Exclusion criteria included malignancy, inflammatory arthritis, infec-

tion, trauma, and/or revision arthroplasty. Subjects enrolled in this study were grouped into

“Obese” (BMI� 30 kg/m2) or “Lean” (BMI< 30 kg/m2). Subject characteristics were recorded

from electronic medical records and are summarized in Table 1. After metabolic labs were
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processed (Table 1), the 14 obese subjects were stratified into “Insulin Resistant” (IR; homeo-

static model assessment for insulin resistance [HOMA-IR] >2) [25, 26] or “Insulin Sensitive”

(IS; HOMA-IR <2) (Table 2). Notably, all lean subjects were insulin sensitive. HOMA-IR was

calculated using fasting plasma glucose and fasting plasma insulin concentrations [25, 26]:

HOMA-IR = Fasting Glucose (mg/dL)�Fasting Insulin (μIU/mL)/405.

Sample collection

On the day of surgery, blood was collected pre-operatively (n = 29; subjects were fasted >10

h), before anesthesia, and skeletal muscle tissue around the incision site was collected during

Table 1. Subject characteristics and labs.

Lean Obese p-value

No. of patients 15 14 —

Sex (F/M) 6/9 9/5 0.272

Age (yrs) 65.3 ± 3.5 58.9 ± 4.1 0.245

Height (m) 1.72 ± 0.03 1.67 ± 0.06 0.440

Weight (Kg) 75.6 ± 3.0 99.0 ± 6.1 0.002

BMI (Kg/m2) 25.5 ± 0.6 35.2 ± 1.3 <0.001

Surgery (Hip/Knee) 12/3 8/6 0.245

Fasting Glucose (mg/dL) 92.0 ± 3.5 96.6 ± 8.2 0.595

Fasting Insulin (μIU/mL) 3.29 ± 0.46 8.08 ± 1.68 0.009

HOMA-IR 0.77 ± 0.12 2.03 ± 0.46 0.010

Hb A1C (%) 5.21 ± 0.10 5.46 ± 0.56 0.242

FFA (mM) 0.69 ± 0.06 0.80 ± 0.08 0.263

TG (mg/dL) 78.5 ± 11.8 85.9 ± 8.7 0.624

F, Female; M, Male; BMI, Body Mass Index; HOMA-IR, homeostatic model assessment of insulin resistance; Hb A1C, hemoglobin A1C; FFA, free fatty acids; TG,

triglycerides. Unpaired t-test or Fisher exact test (sex, surgery) obese versus lean. Bolded values indicate significance at p < 0.05. Data reported as mean ± SEM.

https://doi.org/10.1371/journal.pone.0245594.t001

Table 2. Subject characteristics and labs stratified by insulin resistance.

IS IR p-value

No. of patients 7 7 —

Sex (F/M) 4/3 5/2 0.999

Age (yrs) 55.4 ± 7.0 62.4 ± 4.3 0.410

Height (m) 1.65 ± 0.11 1.69 ± 0.06 0.773

Weight (Kg) 92.7 ± 10.5 105.3 ± 6.3 0.330

BMI (Kg/m2) 33.4 ± 1.5 37.1 ± 2.0 0.159

Surgery (Hip/Knee) 2/5 4/3 0.592

Fasting Glucose (mg/dL) 78.0 ± 7.5 115.3 ± 11.0 0.016

Fasting Insulin (μIU/mL) 3.64 ± 0.92 12.51 ± 2.20 0.003

HOMA-IR 0.69 ± 0.22 3.37 ± 0.51 <0.001

Hb A1C (%) 5.17 ± 0.19 5.75 ± 0.28 0.112

FFA (mM) 0.69 ± 0.10 0.91 ± 0.11 0.156

TG (mg/dL) 90.2 ± 11.5 81.5 ± 13.7 0.634

IS, insulin sensitive; IR, insulin resistant; F, Female; M, Male; BMI, Body Mass Index; HOMA-IR, homeostatic model assessment of insulin resistance; Hb A1C,

hemoglobin A1C; FFA, free fatty acids; TG, triglycerides. Unpaired t-test or Fisher exact test (sex, surgery) IS versus IR. Bolded values indicate significance at p < 0.05.

Data reported as mean ± SEM.

https://doi.org/10.1371/journal.pone.0245594.t002
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surgery, without ischemia. Venous blood samples were obtained in EDTA tubes and centri-

fuged at 1,600 g for 10 minutes and then 16,000 g for 5 minutes to obtain plasma samples.

Plasma was subsequently frozen in liquid nitrogen and stored at –80˚C for future measure-

ment of glucose, insulin, triglycerides (TG), free fatty acids (FFA), and cell-free double-

stranded DNA (cf-dsDNA). Skeletal muscle tissue (gluteus medius for hip and vastus medialis

oblique for knee) was obtained from the surgical site, rinsed in sterilized saline, blotted dry,

and snap frozen in liquid nitrogen. Samples were stored at -80˚C for subsequent immunoblot-

ting analysis.

Plasma measurements

Plasma glucose concentration was measured by the glucose oxidase method (Thermo Fisher

Scientific, Waltham, MA, USA). Plasma insulin concentration was measured using a commer-

cially available kit (Human Insulin ELISA; 80- INSHUE01.1; ALPCO Diagnostics, Salem, NH,

USA). Plasma TG concentration was measured using a commercially available kit (L-Type Tri-

glyceride M; Wako Diagnostics, Richmond, VA). Plasma FFA concentration was measured by

colorimetric assay (NEFA-HR(2) 995–34791; Wako Diagnostics). cf-DNA was extracted from

plasma samples using QIAamp DNA Mini prep (Qiagen, Germantown, MD, USA). cf-dsDNA

was quantified from extracted cf-DNA utilizing Quant-iT PicoGreen dsDNA kit (Invitrogen,

Carlsbad, CA, USA), and compared to a standard curve using a Lambda DNA standard.

Immunoblotting

Tissues were homogenized using an electronic overhead homogenizer (Caframo, Ontario,

Canada) in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 20mM

NaF, 2 mM EDTA, pH 8.0, 2.5 mM NaPP, 20 mM b-glycerophosphate, 10% glycerol) which

contained appropriate protease inhibitors (Pefabloc SC and cOmplete protease inhibitor cock-

tail, MilliporeSigma Burlington, MA). Lysates were then rotated end over end for 2 hours at

4˚C and centrifuged (12,000 rpm, 20 min, 4˚C). The supernatant was then frozen in liquid

nitrogen and stored at -80˚C for subsequent analysis. SDS-PAGE was performed using stan-

dard methods, as previously described [27]. Briefly, 20μg of total tissue protein extract was

boiled in 1X Laemmeli sample buffer and loaded on to 12% Criterion XT Bis-Tris gels (Bio-

Rad, Hercules, CA, USA). The following primary antibodies were used: peptidylarginine dei-

minase, type IV (PAD4; GTX113945) and neutrophil elastase (NE; GTX113175) from Gene-

Tex (Irvine, CA, USA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;

10R-G109A) from Fitzgerald Industries (Acton, MA, USA). Horseradish peroxidase-conju-

gated anti-mouse or anti-rabbit secondary antibodies were from Bio-Rad. The blots were

developed using the Pierce ECL reagent from Thermo Fisher Scientific and quantified using

Image Lab Software (Bio-Rad) within the linear range.

Statistics

Minimum sample size was calculated as 14 per group and was performed using G�Power [28]

utilizing effect sizes (power of 0.80 and α of 0.05) from previously published data for PAD4

[14], NE [16] and cf-dsDNA [16]. Statistical analyses were performed using Prim 8 (GraphPad

Software Incorporated, La Jolla, CA, USA) and R (R Foundation for Statistical Computing,

Vienna, Austria) [29]. Data were analyzed by fisher exact tests (for sex and surgery type), Stu-

dent’s two-sample t tests (age, height, weight, BMI, plasma parameters and NETosis markers),

one-way ANOVA (NETosis markers in lean, obese IS, and obese IR subjects), followed by

Sidak’s multiple comparison test when appropriate. F-test and goodness-of-fit was used for

simple (BMI vs NETosis markers, and insulin resistance vs NETosis markers) or multiple
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linear regressions (BMI and Insulin resistance vs NETosis markers). Significant differences

were set at p< 0.05. All data are expressed as means ± SEM.

Results

Subject characteristics and metabolic labs

Our cohort included 29 subjects, of which 15 were lean and 14 were obese (Table 1). There

were no significant differences based on sex, age, height, or surgery type among the groups.

When assessing the metabolic parameters of these subjects, the obese group had higher fasting

insulin and HOMA-IR (Table 1). There were no significant differences in fasting plasma glu-

cose, hemoglobin A1C, plasma FFA, or plasma TG concentrations.

Subject characteristics–obese subjects stratified by insulin resistance

After metabolic labs were processed, obese subjects were stratified by insulin resistance based

on calculated HOMA-IR levels [25, 26] (Insulin Sensitive [IS]: HOMA-IR <2; Insulin Resis-

tant [IR]: HOMA-IR >2). When stratified by IR, there were no differences based on sex, age,

height, weight, BMI, or surgery type. In assessing metabolic parameters of these two groups,

obese IR subjects had significantly higher fasting glucose, fasting insulin and HOMA-IR com-

pared to obese IS subjects. Obese IR subjects had comparable hemoglobin A1C, plasma FFA,

and plasma TG concentrations to obese IS subjects (Table 2).

cf-dsDNA in TJA patients

cf-dsDNA concentration was not different between lean and obese patients (Fig 1A). Further-

more, when obese patients were stratified by insulin resistance, cf-dsDNA concentration was

Fig 1. cf-dsDNA does not correlate with obesity or insulin resistance in TJA subjects. A) Plasma cf-dsDNA for lean

and obese subjects. B) Linear regression of plasma cf-dsDNA with BMI of subjects. C) Plasma cf-dsDNA for lean,

obese insulin sensitive (IS), and obese insulin resistant (IR) subjects. D) Linear regression of plasma cf-dsDNA with

HOMA-IR of subjects. Data reported as mean ± SEM.

https://doi.org/10.1371/journal.pone.0245594.g001

PLOS ONE NETosis biomarkers in TJA patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0245594 January 22, 2021 5 / 12

https://doi.org/10.1371/journal.pone.0245594.g001
https://doi.org/10.1371/journal.pone.0245594


not different between subjects (Fig 1C). In regression analysis, there was no association

between cf-dsDNA and BMI (Fig 1B, S1 Table) or HOMA-IR (Fig 1D, S1 Table).

Skeletal muscle markers of NETosis—stratified by obesity

The protein abundance of NE and PAD4 in skeletal muscle from the surgical site were not dif-

ferent between lean and obese subjects (Fig 2A and 2B). In regression analysis, there was no

association between NE or PAD4 and BMI (Fig 2C, 2D, S1 Table).

Skeletal muscle markers of NETosis—stratified by insulin resistance

Obese IR subjects had significantly higher concentrations of PAD4, but not NE, in skeletal

muscle from the surgical site, as compared to lean subjects (Fig 3A and 3B). In contrast, Obese

IS subjects had comparable concentrations of PAD4 and NE to lean subjects (Fig 3A and 3B).

In regression analysis, PAD4 abundance positively and significantly correlated with insulin

resistance (Fig 3D, S1 Table), while NE did not (Fig 3C, S1 Table). Furthermore, when BMI

and HOMA-IR were analyzed through multiple linear regression, PAD4 positively correlated

with HOMA-IR, but not with BMI (S1 Table).

Discussion

Perhaps the most feared complication following total joint arthroplasty is periprosthetic joint

infection, which can lead to significant burden on both the treating physician and patient,

as these infections often require multiple surgeries and are not always curative [30]. Obesity

Fig 2. Skeletal muscle biomarkers of NETosis do not correlate with obesity in TJA subjects. A) Western blot

quantification and B) representative blots for PAD4, NE, and loading control GAPDH abundance in skeletal muscle of

lean and obese subjects. Linear regression of C) NE, and D) PAD4 with BMI of subjects. Data reported as

mean ± SEM.

https://doi.org/10.1371/journal.pone.0245594.g002
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[3, 4], and insulin resistance and type 2 diabetes [12–15, 31] are significant risk factors for

post-operative delayed wound healing in both rodents and humans. Remarkably, however, the

mechanisms underlying this remains to be elucidated, which in turn makes it difficult to estab-

lish recommendations for pre- or post-surgical treatment of these patients. Considering the

interrelationship between insulin resistance, NET formation in wounds and delayed wound

healing [14, 16], herein we investigated the association between markers of NETosis and obe-

sity and insulin resistance in total joint arthroplasty patients as a possible reason for delayed

wound healing in these patients. Our results demonstrate that markers of NETosis in skeletal

muscle correlate positively with insulin resistance in total joint arthroplasty patients, but not

with obesity.

PAD4 is the initial and most vital protein needed for NET formation [20, 21, 32, 33]. In

fact, in mouse and in vitro models, both chemical inhibition [18–20] and genetic ablation [21,

33] of PAD4 is sufficient to inhibit NET formation. Notably, the genetic ablation of PAD4 also

improves re-epithelialization and the speed of wound healing in a dermal biopsy punch mouse

model [14]. In the present study, we demonstrate that although PAD4 abundance in skeletal

muscle does not correlate with obesity, it does correlate positively with insulin resistance.

Moreover, the relationship between PAD4 abundance and insulin resistance is obesity inde-

pendent. This is demonstrated in two ways. First, we find that obese insulin sensitive subjects

have comparable PAD4 abundance to lean subjects. Second, when using multiple linear

regression we find that PAD4 correlates positively with HOMA-IR, but does not correlate with

BMI. Since NET formation and protein expression of PAD4 are increased in neutrophils from

subjects with diabetes [14], PAD4 may be a valid biomarker for NET formation and delayed

Fig 3. PAD4 abundance correlates with insulin resistance in TJA subjects. A) Western blot quantification and B)

representative blots for PAD4, NE, and loading control GAPDH abundance in skeletal muscle of lean, obese insulin

sensitive (IS), and obese insulin resistant (IR) subjects. Linear regression of C) NE, and D) PAD4 with HOMA-IR of

subjects. �, p< 0.05 one-way ANOVA, Sidak’s multiple comparison test versus lean. Data reported as mean ± SEM.

https://doi.org/10.1371/journal.pone.0245594.g003
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wound healing in insulin resistant patients, suggesting that insulin resistance may serve as a

better predictor of delayed wound healing than obesity.

NE and other proteases have long been implicated in delayed wound healing in humans via

the degradation of fibronectin [34] and growth factors [35] which are needed for proper

wound closure. Indeed, specialized cotton dressings have been engineered with the goal of

removing NE and other proteinases from wound fluid to aid in wound closure [36]. We dem-

onstrate that NE abundance in skeletal muscle tissue from the surgical site does not correlate

with obesity or insulin resistance in total joint arthroplasty subjects. Although NE can be pres-

ent in, and regulate the formation of, NETs [37], mice with a knockout of NE can still form

NETs [32]. Thus, the presence of NE in the surgical site tissue may not correlate with NET for-

mation, which may explain why PAD4 correlated with insulin resistance while NE did not.

Once neutrophils expel the NETs, NETs can be found in the plasma as cf-dsDNA [38, 39].

Interestingly, while NET formation is thought to be beneficial to wound health by sequestering

and destroying pathogens [17, 22], at the same time it has been demonstrated to slow the pro-

cess of wound healing [14, 15]. Indeed, breaking down NETs via treatment with DNase (as

NETs are made of DNA) improves re-epithelialization and the speed of wound healing in a

dermal biopsy punch mouse model [14]. In the present study, however, we observed no corre-

lation between plasma cf-dsDNA and obesity or insulin resistance in total joint arthroplasty

subjects. Notably, while the assessment of cf-dsDNA is objective and quantitative [40], it is not

specific, and can be increased in a variety of conditions including cancer [38], systemic lupus

erythemus [39] and rheumatoid arthritis [39], and even independent of NET formation [41].

Although we account for many of these conditions in our study’s exclusion criteria, since cf-

dsDNA can be present independent of NET formation whether there is any correlation

between the measured NETs and HOMA-IR or BMI remains unanswered.

The findings of this study should be interpreted in the light of certain limitations. Firstly,

our sample size was too low to thoroughly account for multiple co-morbidities and/or vari-

ables in our regression models and precluded us from making conclusions related to post-sur-

gical wound healing. Indeed, rates of post-surgical complications due to delayed wound

healing, namely surgical site infection, are very low especially for TJA and TKA [30], and

therefore was not able to be statistically analyzed with the sample size of this preliminary

report. Certainly, this will be of high interest in future prospective-focused studies to investi-

gate whether markers of NETosis could be predictive of surgical risk in larger cohorts of

patients. Another limitation of this study is the use of western blot analysis for assessing the

relative abundance of PAD4 and NE in tissue. Western blot analysis is semi-quantitative in

nature and therefore while it allows for comparisons and correlations to be made, it does not

allow for measuring specific quantities of these proteins. Therefore, in future studies, it would

be of interest to utilize more quantitative methods, such as ELISA, in order to quantify the pre-

cise concentrations of these proteins. Additionally, western blot analysis lacks the resolution to

determine whether the PAD4 or NE levels that were measured were intrinsic or extracellular

as part of the NET complex. Indeed, while PAD4 abundance in skeletal muscle correlated with

insulin resistance, NE did not which may be due to the broad measuring of NE in tissue via

western blot. The future use of immunostaining and/or sandwich ELISA assays would allow

for the assessment of extracellular DNA co-localizing with PAD4, NE and/or myeloperoxidase

as well as protein-protein complexes such as NE-myeloperoxidase, which would be more spe-

cific measures of NET formation. Furthermore, while the wound milieu is made up of various

cell types (e.g. skin, adipose, muscle, immune), that all must be healthy in order to have proper

wound healing, herein we chose to focus solely on skeletal muscle from the surgical site. Skele-

tal muscle undergoes early infiltration by neutrophils during acute injury [42, 43] (e.g. during

surgery), and so it is a highly relevant tissue for studying NET formation in the context of
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wound healing, however future studies may consider investigating other tissue types as well.

An additional limitation is that granulocytes and macrophages also express PAD4 [44], not

just neutrophils. However, we believe that our results can be interpreted as PAD4 of mainly

neutrophil origin since eosinophils and basophils are not found in abundant numbers in mus-

cle [45, 46], and macrophages only infiltrate muscle ~2 days post muscle injury [42]. Lastly,

because samples were collected from subjects during surgery, reactive (i.e. due to a stimuli)

NET formation could not be determined. Importantly, however, spontaneous NETosis is also

increased in neutrophils from patients with diabetic ulcers [15], mice being fed a high fat diet

[47], and neutrophils exposed to hyperglycemic conditions [16]. Thus, NETosis still occurs in

diabetic and insulin resistant models without stimuli, and the results of this study should be

interpreted in the context of spontaneous NET formation. Despite these limitations, a strength

of this study is that, to our knowledge, it is the first study to evaluate markers of NETosis in

obese and insulin resistant patients undergoing total joint arthroplasty.

Conclusions

In conclusion, our data suggest that insulin resistant total joint arthroplasty subjects have a

higher capacity for NET formation in tissue (i.e. skeletal muscle) in proximity of the surgical

site, which could increase their risk for post-operative surgical site delayed wound healing. In

future studies, in a larger cohort of subjects, it will be interesting to determine if surgical site

PAD4 abundance is predictive of delayed wound healing or surgical site infection. Furthermore,

it will be of interest to see if the trends found in the present study hold for other orthopedic-

related procedures for which obesity and/or diabetes are associated with impaired healing and

post-operative recovery and outcomes, such as shoulder, wrist, or ankle surgery. Finally, with

NET formation contributing to delayed wound healing [14, 48] and diabetes priming neutro-

phils to undergo NETosis [14, 16], future research should investigate the impact of interventions

or treatments that improve insulin sensitivity (e.g. exercise, dietary intervention) or reduce

NETs at the surgical site (e.g. DNase treatment) on surgical outcomes in insulin resistant and/or

obese patients. In the short-term, surgeons might consider accounting for insulin resistance,

more so than obesity, as a pre-operative marker for the potential of post-surgical complications.

Supporting information

S1 Table. Subject NETosis markers—regression table.

(XLSX)

S1 Data.

(XLSX)

Author Contributions

Conceptualization: Vitor F. Martins, Christopher R. Dobson, Simon Schenk.

Data curation: Vitor F. Martins, Jesal Parekh, Jan M. Hughes-Austin.

Formal analysis: Vitor F. Martins, Christopher R. Dobson, Maedha Begur, Jan M. Hughes-

Austin.

Funding acquisition: Christopher R. Dobson.

Investigation: Vitor F. Martins, Christopher R. Dobson, Maedha Begur.

Methodology: Jesal Parekh, Scott T. Ball, Francis Gonzalez, Jan M. Hughes-Austin.

PLOS ONE NETosis biomarkers in TJA patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0245594 January 22, 2021 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245594.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245594.s002
https://doi.org/10.1371/journal.pone.0245594


Project administration: Vitor F. Martins, Christopher R. Dobson, Jesal Parekh, Simon

Schenk.

Resources: Jesal Parekh, Scott T. Ball, Francis Gonzalez, Simon Schenk.

Supervision: Scott T. Ball, Francis Gonzalez, Simon Schenk.

Visualization: Simon Schenk.

Writing – original draft: Vitor F. Martins.

Writing – review & editing: Simon Schenk.

References
1. Steiner C, Andrews R, Barrett M, Weiss A. HCUP Projections: Mobility/Orthopedic Procedures 2003 to

2012. US Agency Healthc Res Qual. 2012; 110. doi:US Agency for Healthcare Research and Quality

2. Maradit Kremers H, Larson DR, Crowson CS, Kremers WK, Washington RE, Steiner CA, et al. Preva-

lence of Total Hip and Knee Replacement in the United States. J Bone Joint Surg Am. 2015; 97: 1386–

97. https://doi.org/10.2106/JBJS.N.01141 PMID: 26333733

3. Namba RS, Paxton L, Fithian DC, Stone M Lou. Obesity and perioperative morbidity in total hip and

total knee arthroplasty patients. J Arthroplasty. 2005; 20: 46–50. https://doi.org/10.1016/j.arth.2005.04.

023 PMID: 16214002

4. Kerkhoffs GMMJ, Servien E, Dunn W, Dahm D, Bramer JAM, Haverkamp D. The influence of obesity

on the complication rate and outcome of total knee arthroplasty: a meta-analysis and systematic litera-

ture review. J Bone Joint Surg Am. 2012; 94: 1839–44. https://doi.org/10.2106/JBJS.K.00820 PMID:

23079875

5. Inacio MCS, Kritz-Silverstein D, Raman R, Macera CA, Nichols JF, Shaffer RA, et al. The impact of pre-

operative weight loss on incidence of surgical site infection and readmission rates after total joint arthro-

plasty. J Arthroplasty. 2014; 29: 458–464.e1. https://doi.org/10.1016/j.arth.2013.07.030 PMID:

24018161

6. Pierpont YN, Dinh TP, Salas RE, Johnson EL, Wright TG, Robson MC, et al. Obesity and Surgical

Wound Healing: A Current Review. ISRN Obes. 2014; 2014: 1–13. https://doi.org/10.1155/2014/

638936 PMID: 24701367

7. Goodson WH, Hunt TK. Wound collagen accumulation in obese hyperglycemic mice. Diabetes. 1986;

35: 491–495. https://doi.org/10.2337/diab.35.4.491 PMID: 3514328

8. Wagner IJ, Szpalski C, Allen RJ, Davidson EH, Canizares O, Saadeh PB, et al. Obesity impairs wound

closure through a vasculogenic mechanism. Wound Repair Regen. 2012; 20: 512–522. https://doi.org/

10.1111/j.1524-475X.2012.00803.x PMID: 22672117

9. Shibata S, Tada Y, Asano Y, Hau CS, Kato T, Saeki H, et al. Adiponectin Regulates Cutaneous Wound

Healing by Promoting Keratinocyte Proliferation and Migration via the ERK Signaling Pathway. J Immu-

nol. 2012; 189: 3231–3241. https://doi.org/10.4049/jimmunol.1101739 PMID: 22904306

10. Sankhla M, Sharma TK, Mathur K, Rathor JS, Butolia V, Gadhok AK, et al. Relationship of oxidative

stress with obesity and its role in obesity induced metabolic syndrome. Clin Lab. 2012; 58: 385–92.

PMID: 22783566

11. McLaughlin T, Allison G, Abbasi F, Lamendola C, Reaven G. Prevalence of insulin resistance and asso-

ciated cardiovascular disease risk factors among normal weight, overweight, and obese individuals.

Metabolism. 2004; 53: 495–499. https://doi.org/10.1016/j.metabol.2003.10.032 PMID: 15045698

12. Wertheimer E, Spravchikov N, Trebicz M, Gartsbein M, Accili D, Avinoah I, et al. The regulation of skin

proliferation and differentiation in the IR null mouse: Implications for skin complications of diabetes.

Endocrinology. 2001; 142: 1234–1241. https://doi.org/10.1210/endo.142.3.7988 PMID: 11181540

13. Markuson M, Hanson D, Anderson J, Langemo D, Hunter S, Thompson P, et al. The relationship

between hemoglobin A(1c) values and healing time for lower extremity ulcers in individuals with diabe-

tes. Adv Skin Wound Care. 2009; 22: 365–72. https://doi.org/10.1097/01.ASW.0000358639.45784.cd

PMID: 19638800

14. Wong SL, Demers M, Martinod K, Gallant M, Wang Y, Goldfine AB, et al. Diabetes primes neutrophils

to undergo NETosis, which impairs wound healing. Nat Med. 2015; 21: 815–9. https://doi.org/10.1038/

nm.3887 PMID: 26076037

15. Fadini GP, Menegazzo L, Rigato M, Scattolini V, Poncina N, Bruttocao A, et al. NETosis Delays Diabetic

Wound Healing in Mice and Humans. Diabetes. 2016; 65: 1061–71. https://doi.org/10.2337/db15-0863

PMID: 26740598

PLOS ONE NETosis biomarkers in TJA patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0245594 January 22, 2021 10 / 12

https://doi.org/10.2106/JBJS.N.01141
http://www.ncbi.nlm.nih.gov/pubmed/26333733
https://doi.org/10.1016/j.arth.2005.04.023
https://doi.org/10.1016/j.arth.2005.04.023
http://www.ncbi.nlm.nih.gov/pubmed/16214002
https://doi.org/10.2106/JBJS.K.00820
http://www.ncbi.nlm.nih.gov/pubmed/23079875
https://doi.org/10.1016/j.arth.2013.07.030
http://www.ncbi.nlm.nih.gov/pubmed/24018161
https://doi.org/10.1155/2014/638936
https://doi.org/10.1155/2014/638936
http://www.ncbi.nlm.nih.gov/pubmed/24701367
https://doi.org/10.2337/diab.35.4.491
http://www.ncbi.nlm.nih.gov/pubmed/3514328
https://doi.org/10.1111/j.1524-475X.2012.00803.x
https://doi.org/10.1111/j.1524-475X.2012.00803.x
http://www.ncbi.nlm.nih.gov/pubmed/22672117
https://doi.org/10.4049/jimmunol.1101739
http://www.ncbi.nlm.nih.gov/pubmed/22904306
http://www.ncbi.nlm.nih.gov/pubmed/22783566
https://doi.org/10.1016/j.metabol.2003.10.032
http://www.ncbi.nlm.nih.gov/pubmed/15045698
https://doi.org/10.1210/endo.142.3.7988
http://www.ncbi.nlm.nih.gov/pubmed/11181540
https://doi.org/10.1097/01.ASW.0000358639.45784.cd
http://www.ncbi.nlm.nih.gov/pubmed/19638800
https://doi.org/10.1038/nm.3887
https://doi.org/10.1038/nm.3887
http://www.ncbi.nlm.nih.gov/pubmed/26076037
https://doi.org/10.2337/db15-0863
http://www.ncbi.nlm.nih.gov/pubmed/26740598
https://doi.org/10.1371/journal.pone.0245594


16. Menegazzo L, Ciciliot S, Poncina N, Mazzucato M, Persano M, Bonora B, et al. NETosis is induced by

high glucose and associated with type 2 diabetes. Acta Diabetol. 2015; 52: 497–503. https://doi.org/10.

1007/s00592-014-0676-x PMID: 25387570

17. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellu-

lar traps kill bacteria. Science. 2004; 303: 1532–5. https://doi.org/10.1126/science.1092385 PMID:

15001782

18. Knight JS, Zhao W, Luo W, Subramanian V, O’Dell AA, Yalavarthi S, et al. Peptidylarginine deiminase

inhibition is immunomodulatory and vasculoprotective in murine lupus. J Clin Invest. 2013; 123: 2981–

93. https://doi.org/10.1172/JCI67390 PMID: 23722903

19. Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al. Histone hypercitrullination mediates chromatin

decondensation and neutrophil extracellular trap formation. J Cell Biol. 2009; 184: 205–213. https://doi.

org/10.1083/jcb.200806072 PMID: 19153223

20. Lewis HD, Liddle J, Coote JE, Atkinson SJ, Barker MD, Bax BD, et al. Inhibition of PAD4 activity is suffi-

cient to disrupt mouse and human NET formation. Nat Chem Biol. 2015; 11: 189–91. https://doi.org/10.

1038/nchembio.1735 PMID: 25622091

21. Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential for antibacterial innate immu-

nity mediated by neutrophil extracellular traps. J Exp Med. 2010; 207: 1853–1862. https://doi.org/10.

1084/jem.20100239 PMID: 20733033

22. Delgado-Rizo V, Martı́nez-Guzmán MA, Iñiguez-Gutierrez L, Garcı́a-Orozco A, Alvarado-Navarro A,

Fafutis-Morris M. Neutrophil Extracellular Traps and Its Implications in Inflammation: An Overview.

Front Immunol. 2017; 8: 81. https://doi.org/10.3389/fimmu.2017.00081 PMID: 28220120

23. Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of childhood and adult obesity in the United

States, 2011–2012. Jama. 2014; 311: 806–814. https://doi.org/10.1001/jama.2014.732 PMID:

24570244

24. Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, Bales VS, et al. Prevalence of obesity, diabe-

tes, and obesity-related health risk factors, 2001. JAMA. 2003; 289: 76–9. https://doi.org/10.1001/jama.

289.1.76 PMID: 12503980

25. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model

assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concen-

trations in man. Diabetologia. 1985; 28: 412–9. https://doi.org/10.1007/BF00280883 PMID: 3899825
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