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Abstract

Introduction

Because of the strong correlation between the blood concentration of circulating resistin and

the illness severity of septic patients, resistin has been proposed as a mediator of sepsis

pathophysiology. In vitro data indicate that human resistin directly impairs neutrophil migra-

tion and intracellular bacterial killing, although the significance of these findings in vivo

remain unclear.

Objective

The objectives of the present study were: (1) to validate the expression of human resistin in

a clinically relevant, murine model of surgical sepsis, (2) to assess how sepsis-induced

changes in resistin correlate with markers of infection and organ dysfunction, and (3) to

investigate whether the expression of human resistin alters immune function or disease out-

comes in vivo.

Methods

107 male, C57BL/6 mice transgenic for the human resistin gene and its promoter elements

(Retn+/−/−, or Retn+) were generated on a Retn−/− (mouse resistin knockout, or Rko) back-

ground. Outcomes were compared between age-matched transgenic and knockout mice.

Acute sepsis was defined as the initial 24 h following cecal ligation and puncture (CLP).

Physiologic and laboratory parameters correlating to the human Sequential Organ Failure

Assessment (SOFA) Score were measured in mice, and innate immune cell number/func-

tion in the blood and peritoneal cavity were assessed.

Results

CLP significantly increased circulating levels of human resistin. The severity of sepsis-

induced leukopenia was comparable between Retn+ and Rko mice. Resistin was associ-

ated with increased production of neutrophil reactive oxygen species, a decrease in
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circulating neutrophils at 6 h and an increase in peritoneal Ly6Chi monocytes at 6 h and 24 h

post-sepsis. However, intraperitoneal bacterial growth, organ dysfunction and mouse sur-

vival did not differ with resistin production in septic mice.

Significance

Ex vivo resistin-induced impairment of neutrophil function do not appear to translate to

increased sepsis severity or poorer outcomes in vivo following CLP.

Introduction

Several recent studies have uncovered a strong correlation between blood concentrations of

resistin and the severity of organ dysfunction in critically ill, septic patients [1–6]. While the

physiologic role of human resistin remains unknown, it is thought to be a pro-inflammatory

cytokine that triggers TNFα-independent intracellular signaling via the NFκB pathway [7].

Some investigators have demonstrated higher circulating resistin concentrations in sepsis

non-survivors [3], whereas others have been unable to confirm this relationship [1, 5, 6, 8].

Previous studies from our laboratory reported that human resistin impairs neutrophil migra-

tion, decreases the production of reactive oxygen species required to kill intracellular and

extracellular bacteria, and diminishes the production of neutrophil extracellular traps [9–11].

These resistin-mediated effects are concentration-dependent and reversible upon removal of

resistin from the extracellular medium [9]. They also raise the possibility of using resistin not

only as a diagnostic biomarker in sepsis but also as a therapeutic target in patients experiencing

severe disease. However, the translational importance of our previous in vitro findings was

limited by the lack of in vivo correlates.

Mice possess four resistin-like molecule (RELM) genes, while humans possess two of these

genes, Retn and Retnlb [12–14]. An important difference between murine and human resistin

is the completely different expression pattern, with the 12.5 kDa human resistin variant being

expressed predominantly by macrophages [15, 16] instead of adipocytes. Furthermore, murine

resistin is suppressed by TNFα and other proinflammatory cytokines, whereas human resistin

is induced by TNFα [17]. Lazar et al. demonstrated that BAC-Retn mice generated on a murine

Retn-/- background have circulating resistin levels that are comparable to those measured in

humans under normal conditions, and that lipopolysaccharide (LPS) markedly increased resis-

tin production by macrophages [15]. This model was used to demonstrate that resistin may

actually exert a protective effect in LPS-induced shock [18]. Contrary to these findings, how-

ever, Jiang et al. reported resistin-induced pro-inflammatory neutrophil activation, neutrophil

extracellular trap formation and increased severity of acute lung injury [19].

The significance of these opposing findings is limited as these studies have not yet been rep-

licated in more clinically relevant models of sepsis. LPS injection has a greater LD50 in mice

than it does in humans. Furthermore, preparation purity of LPS often varies between studies

and may cause different temporal cytokine responses as compared with surgical models of sep-

sis such as cecal ligation and puncture (CLP) [20–23]. We hypothesized that fecal peritonitis

and subsequent surgical sepsis would trigger the production of human resistin in transgenic

mice expressing this protein. We anticipated that sepsis-induced increases in human resistin

would exacerbate the hypothermia, organ dysfunction and mortality in mice producing this

cytokine, validating the translational relevance of our model. Confirmation of these findings

might also provide an explanation for the clinically observed and concentration-dependent
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relationship between resistin and organ dysfunction in sepsis. To enhance the translational rel-

evance of our investigation, we employed the modified Mouse Severity of Sepsis (MSS) scoring

system as a surrogate of the Sequential Organ Failure Assessment (SOFA) used in human

patients [24, 25]. The SOFA score is used to classify sepsis severity based on indicators of

organ dysfunction [26, 27]. The modified MSS scoring system has been shown to reliably pre-

dict the development of septic shock and death in a fecal peritonitis model of murine sepsis

[24].

Materials and methods

Animal care

All experiments were approved by the Institutional Animal Care and Use Committee at the

Pennsylvania State University College of Medicine (#201800418) and adhered to National

Institutes of Health (NIH) guidelines. Information contained in the Materials and Methods

section addresses the ARRIVE guidelines for the use of animals in research [28]. All surgeries

were performed under general inhaled anesthesia with isoflurane, and all animals were preme-

dicated with buprenorphine for postoperative analgesia. Male C57BL/6 mice, aged 8–12

weeks, were housed in the pathogen-free, animal care facility at the Pennsylvania State College

of Medicine. They were maintained in a controlled environment (i.e., 23˚C, 12 h/12 h light/

dark cycle, and 30–70% humidity) in plastic cages with corncob bedding. Mice were provided

water ad libitum and standard rodent chow (Teklad Global 2018, Envigo; Indianapolis, IN).

Only male mice were used in the current study due to the well-described, gender-dimorphic

response to CLP in mice [29].

Mice

C57BL/6 mice transgenic for the human resistin gene (Retn+/−/−, or Retn+) were obtained

from Dr. Mitchell Lazar’s lab via the University of California at Riverside. These mice were

generated on a Retn−/− (resistin knockout, or Rko) background, as previously described [15].

The human resistin gene, along with 21,300 bp upstream and 4,248 bp downstream of its start

site, was inserted through a bacterial artificial chromosome to generate a mouse line which

was transgenic for the human resistin gene and whose macrophages express human resistin.

Genome insertion of hRETN in the transgenic mouse lines was determined by Dartmouse,

which sequences and analyzes thousands of SNPs throughout the mouse genome. All mice

used had their genotype experimentally confirmed by using 1% agarose gel electrophoresis,

following polymerase chain reaction amplification of the human resistin gene and of the

housekeeping gene, GAPDH. Basal metabolic conditions of both mouse strains have been pre-

viously published [15].

Sepsis model

Mice were randomly assigned to either septic or time-matched control groups. Polymicrobial

peritonitis was induced using CLP, and separate groups of mice were studied either 6 h or 24 h

following the procedure [30]. To minimize any possible circadian-induced changes, all experi-

ments were initiated between 0700 and 1000 each morning. On Day 0, mice were anesthetized

with isoflurane (3–5% induction with 2–3% maintenance; Vedco, St. Joseph, MO) with oxy-

gen. Using sterile surgical technique, a midline laparotomy incision was made after shaving

and cleaning the abdomen with betadine solution. The cecum was ligated using surgical silk

(4–0, Covidien, Minneapolis, MN) approximately 1 cm from the distal end, and punctured

twice using a 25-gauge needle. Patency was ensured by extruding a small amount of feces from
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the puncture sites before replacing the cecum back into the abdominal cavity. The abdominal

wall was closed using 4–0 silk suture prior to closing the skin incision with wound clips. Resus-

citation consisted of 1 mL of warmed, sterile, normal saline containing 0.05 mg/kg buprenor-

phine (Reckitt Benckiser Pharmaceuticals, Richmond, VA) and was administered

subcutaneously 15 min prior to surgery. Body temperature was maintained constant during

surgical procedures by keeping mice on a warming pad until they regained consciousness.

Sham-control mice underwent the same surgical procedure except the cecum was not ligated

or punctured. Mice were euthanized at 6 or 24 ± 2 h after laparotomy ± CLP and this is

referred to as the “acute sepsis” group.

A separate group of mice was used to investigate alterations in the recovery phase post-sep-

sis. Starting 6 h post-CLP (Day 1), antibiotic (0.5 mg meropenem; Fresenius Kabi, Lake Zurich,

IL) and buprenorphine were injected subcutaneously (total volume 1 mL of sterile 0.9% sterile

saline) every 8–12 h for the next six days. Time-matched control mice received the same vol-

ume of fluid resuscitation with buprenorphine and antibiotic. Death was not considered an

endpoint in these survival analyses. Rather, pre-determined humane endpoints and Body Con-

dition Scoring were used to determine the appropriateness of euthanasia [31]. Mice were

checked twice per day and euthanized if they were found to be moribund, immobile, unable to

consume food and/or water, had>20 percent weight loss (as compared to weight at the begin-

ning of the experiment), prolonged diarrhea, significantly labored breathing, post-surgical

wound dehiscence or visible infection at the surgical site, tremors or paralysis, a rectal

temperature < 27˚C for 12 h or more, or a Body Condition Scoring of�2.

Sampling

Serial blood samples were collected via cheek bleeding targeting the submandibular and retro-

orbital veins. Whole blood was collected at 0 h, 6 h and 24 h following surgery in micro-capil-

lary EDTA blood collection tubes (RAM scientific, Nashville, TN), for complete and differen-

tial blood counts analysis on Heska Element HT5 Veterinary Hematology Analyzer (Heska

Corp, Loveland, CO). Manual leukocyte cell differential counts were computed by dedicated

veterinary lab technicians following Diff-Quick staining (Baxter, Detroid, MI). In a separate

cohort of animals, whole blood was collected at the predetermined time points, allowed to clot

at room temperature for 30 min, and subsequently centrifuged to isolate the serum fraction for

analysis of blood glucose, creatinine, blood urea nitrogen (BUN), aspartate aminotransferase

(AST), alanine aminotransferase (ALT) and total bilirubin concentrations. Sample analysis

was performed on COBAS MIRA Plus Chemistry System (Roche Diagnostic Systems Inc.,

Somerville, NK).

Peritoneal fluid was collected either 6 h or 24 h post-surgery, as previously described but

with minor modifications [32]. Briefly, following general anesthesia and cervical dislocation,

the abdominal incision was reopened under sterile conditions. The first lavage was performed

with a 1mL of warmed Hank’s Balanced Salt Solution (HBSS, Gibco, Grand Island, NY), and

used for microbial culture. This lavage was followed by a further 24mL of the same solution, in

divided doses. 100μL of the 1mL lavage was used for bacterial cultures. Cells from the remain-

ing 900μL of peritoneal fluid were pooled with cells obtained from the subsequent 24mL lavage

and used for flow cytometry.

Flow cytometric analysis

Samples of 100μL of whole blood as well as peritoneal cells obtained as described above were

separately stained with antibodies. Cell suspensions were blocked with DPBS/2% FBS contain-

ing 0.5mg/mL Fc Block (BD Bioscience) for 10 min at 4˚C. Blocked cells were stained with
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fluorochrome conjugated monoclonal antibodies obtained from BD Bioscience–CD11b (M1/

70), CD45.2 (104), F4/80 (T45-2342), Ly-6G (1A8), Biolegend–CD90.2 (30-H12) or Thermo

Fisher Scientific–MHC class II (I-A/I-E). Cells were washed in DPBS alone and then incubated

with a Fixable Viability Dye eFluor1 780 (eBioscience) for 20 min at 4˚C to discriminate via-

ble from non-viable cells. Red blood cells were lysed with a red blood cell lysis buffer (Tonbo

Biosciences) either before (peritoneal cells) or after (whole blood) antibody staining. Cells

were then washed with DPBS with 2% FBS and 0.09% sodium azide (Becton, Dickinson and

Company, Sparks, MD). Quantification of cells from whole blood and peritoneal washings was

achieved by using Countbright Plus Absolute Counting Beads (Thermo-Fisher Scientific, Wal-

tham, MA). Data were collected using a BD LSRII flow cytometer and analyzed using FlowJo

version 10.7.1 (Becton, Dickinson and Company, Franklin Lakes, NJ) using the gating strategy

shown in (S1 Fig). Gating of monocytes for F4/80 positive cells, in order to identify the macro-

phage subset, was performed only in peritoneal cells and not in blood cells.

Physiologic measurements and assessment of sepsis severity

Rectal temperature was measured with a digital probe (Harvard Apparatus; Holliston, MA).

Heart rate, peripheral oxygen saturation and breath rate were measured by the non-invasive,

MouseOx small animal pulse oximeter neck collar (Starr Life Sciences Corp; Oakmont, PA).

Breath rate was additionally confirmed by manual counting. To ensure consistency in the

depth of anesthesia used for monitoring vital signs, anesthesia was maintained by using 2–3%

inhaled isoflurane, following at least 2 min of anesthetic induction with 4–5% isoflurane and a

negative response to toe pinch.

Cytokine measurements

Serum concentrations of human resistin at 6 h and 24 h were measured by human resistin

quantikine ELISA assay at 1:5 serum dilution (R&D systems, Minneapolis, MN). This assay is

specific for the detection of human resistin, with < 50% cross-species reactivity reported by

the manufacturer. Additionally, serum concentrations of angiopoietin-2, CXCL2, IL-1β, IL-10,

IL-27, SP-D, TNFα, CXCL1, ICAM-1, IL-6, IL-12 p70, RAGE, P-selectin, syndecan-1 and

uPAR were measured on blood samples collected at 6 h and 24 h by a magnetic bead-based

multiplex assay (R&D systems, Minneapolis, MN) after a 1:2 dilution.

Quantification of bacterial growth in peritoneal samples

To compare bacterial killing capacity between Rko and Retn+ mice, peritoneal fluid samples

taken from mice at 6 h and 24 h post-sepsis were subjected to aerobic, microbial cell culture by

using methods previously described [32]. Briefly, 100μL of peritoneal fluid obtained after

lavage of the peritoneal cavity with 1mL of warmed HBSS underwent serial dilution followed

by plating on 5% sheep’s blood agar plates. The number of colony-forming units (CFUs) at 18

h following bacterial plating was calculated based on colony counts and dilution factor.

Neutrophil isolation and assessment of reactive oxygen species production

Preliminary experiments identified low neutrophil counts and poor neutrophil viability of

neutrophils isolated from peritoneal washings following CLP. Therefore, to assess neutrophil

function, we utilized density gradient separation of cells obtained from the bone marrow.

Mice were sacrificed at 24 h following CLP and their bone marrow was carefully layered onto a

density gradient created using room temperature Histopaque 1077 and 1119 (Sigma-Aldrich

Inc, St. Louis, MO) [33]. The neutrophil fraction was washed twice in PBS, and 1x105 viable
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cells were incubated for 2 h at 37˚C and 5% CO2 in complete RPMI with 100 ng/mL of LPS

from E. coli O55:B5 or 100ng/mL of Phorbol Myristate Acetate (PMA), both from Sigma-

Aldrich Inc. Control neutrophils were incubated with an equal volume of PBS. 7.5μM of Cell-

ROX Deep Red reagent (Thermo-Fisher Scientific) in complete RPMI medium was then

added to each vial and further incubated at 37˚C for 30min in the dark. Following cell washing

in PBS, cells were fixed in 4% paraformaldehyde and fluorescence was assessed using a Flexsta-

tion 3 multiplate reader (Molecular Devices LLC, San Jose, CA) using Softmax Pro 7 (Molecu-

lar Devices LLC). Change in fluorescence intensity between stimulated and control cells was

calculated as a comparable measure of reactive oxygen species production by neutrophils.

Statistical analysis

All data were analyzed using GraphPad Prism 9.1.2 (San Diego, CA) by two-way or three-way

analysis of variance (ANOVA, genotype x sepsis x time) or mixed effects analysis matched on

genotype. Tukey or Sidak corrections for multiple comparisons were used when appropriate,

and values considered statistically significant when P< 0.05. Unpaired t tests and nonparamet-

ric tests with two-tailed alpha value were used to compare Rko and Retn+ results at the same

time interval. Where appropriate, figures represent mean with standard error, or have individ-

ual data points presented as a box-and-whisker plot with the mean, upper and lower quartiles,

and upper and lower values identified. Sample sizes are detailed in figure legends.

Results

General characteristics of septic mice

In total, 107 experimental mice were studied, of which 59 were Retn+ and 48 were Rko. Mean

weight, at baseline, was 23.9 ± 2.2 g for Retn+ mice and 23.6 ± 2.0 g for Rko mice. In Retn

+ mice, sepsis significantly increased blood resistin concentration as compared with control

mice undergoing sham surgery only (P = 0.01 at 6 h and P = 0.003 at 24 h). Rko mice did not

demonstrate an increase in blood resistin concentration following the onset of sepsis (P = 0.62

at 6 h and P = 1.0 at 24 h). There was no significant difference in the blood resistin concentra-

tion in Retn+ mice between 6 h and 24 h after CLP (P = 0.36) (Fig 1). The average decrease in

Fig 1. Serum concentrations of human resistin in hRetn-/- mice (Rko) and in hRetn-/- mice transgenic for the

human resistin gene (Retn+). Concentrations were measured at 6 h and 24 h post-surgery. n = 3 for Rko with acute

sepsis at 6 h and Retn+ with acute sepsis at 24 h; n = 4 for Rko acute sepsis and control at 24 h; n = 6 for Retn+ acute

sepsis and control at 6 h; n = 6 for Retn+ control at 24 h; n = 7 for Rko control at 6 h.

https://doi.org/10.1371/journal.pone.0265241.g001
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body weight within the first 24 h following surgery was 1.63 ± 0.30 g in Retn+ mice with acute

sepsis and 2.06 ± 0.35 g in Rko mice with acute sepsis (P = 0.36).

As most previous reports showing a positive relationship between the blood resistin con-

centration and sepsis severity have utilized a critical illness scoring system such as the Acute

Physiology and Chronic Health Evaluation II [34] or SOFA score (on which a diagnosis of sep-

sis is now based [27]), we chose to focus on the effect of resistin on equivalent components of

the SOFA score in mice. The SOFA score is based on the adequacy of blood oxygenation (a

surrogate of respiratory dysfunction), platelet count (hematologic dysfunction), total blood bil-

irubin concentration (hepatobiliary dysfunction), blood pressure (cardiovascular dysfunction),

degree of encephalopathy (cerebral dysfunction) and blood creatinine concentration (renal

dysfunction). Equivalent values that were measured in mice included platelet count, bilirubin

concentration, ALT, AST and blood creatinine concentration, heart rate as a surrogate of car-

diovascular function, and breath rate and SpO2 as surrogates of respiratory function.

Serum biochemistry analysis revealed no significant difference in BUN, creatinine, biliru-

bin, AST or ALT in the 24 h samples from Retn+ or Rko mice (S2 Fig). However, acute sepsis

did decrease the serum glucose concentration in both groups of mice, although there was no

difference in the severity of hypoglycemia between Retn+ and Rko mice (S2 Fig) [15]. Mixed-

effect analysis of leukocyte count from the analysis of blood peripheral smears revealed a time-

dependent effect (P<0.0001) and a sepsis-dependent effect (P<0.0001) causing progressive

leukopenia (Fig 2). However, leukocyte count was independent of resistin concentrations at 6

h and 24 h following surgery (P = 0.37).

Resistin is associated with a decrease in circulating neutrophils, and with

an increase in peritoneal Ly6Chi monocytes at 6 h post-sepsis

Given the paucity of white blood cells in acute sepsis, we performed flow cytometric analysis of

blood and peritoneal fluid samples at 6 h and 24 h to quantify differences in leukocyte cell

Fig 2. Complete blood count and leukocyte differential analysis at 6 h and 24 h post-surgery, in resistin knockout

C57BL/6 mice (Rko) and transgenic C57BL/6 mice on an Rko background (Retn+). A—E represent mean (+/-

SEM) serum concentrations of the named parameters following surgery. For A-C, n = 6 per time point per group. For

D and E, n = 5–7 and results reflect cell staining followed by manual cell differential count. P values represent

statistically significant results of ordinary 3-way ANOVA (time x resistin genotype x sepsis) within each cell type.

https://doi.org/10.1371/journal.pone.0265241.g002

PLOS ONE Effect of resistin on organ dysfunction in murine surgical sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0265241 March 14, 2022 7 / 16

https://doi.org/10.1371/journal.pone.0265241.g002
https://doi.org/10.1371/journal.pone.0265241


populations more accurately. At 6 h following sepsis, the number of circulating neutrophils

(P = 0.0063) and antigen-presenting neutrophils (P = 0.0052) was significantly lower in mice

producing resistin (Fig 3A). This decrease in blood neutrophil count did not appear to corre-

late with an increase in peritoneal neutrophil count (Fig 3C). Sepsis was also associated with

neutropenia at 24 h following surgery, although resistin production did not significantly affect

the degree of neutropenia at this time point (Fig 3E). In contrast to 6 h (and as expected in the

setting of acute infection) peritoneal neutrophil count increased at 24 h indicating transmigra-

tion to the site of infection. Resistin did not, however, cause a significant difference in the

degree of transmigration into the peritoneal fluid (Fig 3G). Neither did we detect a difference

in the proportion of antigen-presenting neutrophils in the blood or peritoneal fluid of at 24 h

in resistin-producing mice (Fig 3E).

Consistent with changes expected during acute sepsis, the peritoneal fluid of septic mice

had a an increased Ly6Chi monocyte count (Fig 3D). Ly6Chi monocytes are a heterogeneous

population of leukocytes (corresponding to ‘classic’ monocytes in humans) which are rapidly

recruited to sites of inflammation where they mediate phagocytosis. Interestingly, resistin pro-

duction was associated with higher Ly6Chi monocyte counts both at 6 h following sham sur-

gery (P = 0.026) and at 6 h following sepsis (P = 0.0062). Increased numbers of peritoneal

inflammatory Ly6Chi monocytes persisted at 24 h following sepsis (P = 0.034).

Resistin production does not affect serum concentrations of ancillary

inflammatory cytokines at 6 h and 24 h following onset of acute sepsis

Three-way ANOVA revealed time-dependent decreases in the serum concentrations of

CXCL-1 (P = 0.018), CXCL-2 (P = 0.041), IL-1β (P = 0.035), and IL-6 (P = 0.0086), as well as a

Fig 3. Flow cytometry assessment of cellular differential at 6 h and 24 h post-cecal ligation and puncture, in

knockout C57BL/6 mice (Rko) and mice expressing human resistin (Retn+). A, Blood neutrophils at 6 h; B, Blood

monocytes and T lymphocytes at 6 h; C, Peritoneal neutrophils at 6 h; D, Peritoneal monocytes, macrophages and T

lymphocytes at 6 h; E, Blood neutrophils at 24 h; F, Blood monocytes and T lymphocytes at 24 h; G, Peritoneal

neutrophils at 24 h; H, Peritoneal monocytes, macrophages and T lymphocytes at 24 h. n = 4 for Rko at 6 h and 24 h,

and for Retn+ at 24 h. n = 3 for Retn+ at 6 h.

https://doi.org/10.1371/journal.pone.0265241.g003
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time-dependent increase in angiopoietin-2 (P<0.0001) following surgery (Fig 4). Sepsis

increased the serum concentrations of angiopoietin-2 (P<0.0001) and ICAM-1 (P = 0.0043),

although the magnitude of increase did not differ statistically between Rko and Retn+ mice.

Resistin did not alter the serum concentrations of SP-D, angiopoietin-2, CXCL2, IL-1β, IL-10,

IL-27, TNFα, CXCL1, ICAM-1, IL-6, IL-12 p70, RAGE, P-selectin, syndecan-1 or uPAR at 6 h

or 24 h following the onset of acute sepsis (S1 and S2 Tables in S1 File).

Resistin production is not associated with decreased survival in acute sepsis

A survival analysis was performed comparing a cohort of mice undergoing CLP with time-

matched controls. MSS and physiologic parameters were assessed twice daily, at which time

mice were given warmed normal saline subcutaneously, as well as antibiotics (0.5 mg) and

analgesics (0.05mg/kg buprenorphine). Mice meeting humane endpoints for euthanasia were

considered dead for purposes of assessing survival. The survival study was terminated 7 days

post-surgery, with any surviving mice being euthanized at that time point. Median survival for

Retn+ mice with acute sepsis was 82 h, as compared with 78 h for Rko mice with acute sepsis

(Fig 5A). Survival results were not significantly different when compared by Log-rank (Man-

tel-Cox) test (P = 0.408) and Gehan-Breslow-Wilcoxon test (P = 0.726).

Resistin production does not affect bacterial growth from peritoneal fluid

during acute sepsis, but increases reactive oxygen species production by

neutrophils

Resistin blocks the bactericidal activity of cultured neutrophils through partial reduction of F-

actin polymerization and suppression of the oxidative burst [10]. Furthermore, removal of

Fig 4. Serum concentrations of human cytokines in hRetn-/- mice (Rko) and mice expressing human resistin

(Retn+). Concentrations were measured at 6 h and 24 h post-CLP. n = 4 for Retn+ at 6 h and 24 h, n = 2 for Rko at 6 h

and n = 4 for Rko at 24 h. P values for statistically significant relationships on ordinary 3-way ANOVA (time versus

sepsis effect versus genotype) are shown.

https://doi.org/10.1371/journal.pone.0265241.g004
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inhibitory resistin from extracellular media reverses neutrophil dysfunction, restores neutro-

phil migration and their ability to generate reactive oxygen species, and reconstitutes intracel-

lular bacterial clearance [9]. In contrast, resistin does not appear to affect the ability of

macrophages or monocytes to kill either Gram-positive or Gram-negative organisms [10].

Given the decreases in blood and peritoneal neutrophil concentrations observed at 6 h in resis-

tin-producing septic mice, we investigated bacterial growth and neutrophil reactive oxygen

species production at this time point and at 24 h following the onset of sepsis. The peritoneal

cavity of mice sacrificed at 6 h or 24 h was lavaged with warmed normal saline, and serial

dilutions of peritoneal fluid were used to establish countable colonies of aerobic bacterial cul-

tures. These were measured 18 h following dilution and plating onto 5% sheep’s blood agar

plates. The peritoneal cavity of mice undergoing sham surgery was sterile. There was no rela-

tionship between resistin production and the number of CFUs at 6 h and 24 h post-CLP (Fig

5B). We further assessed the ability of neutrophils to generate reactive oxygen species in mice

producing resistin, to replicate our prior in vitro findings. We did not observe a significant dif-

ference between fluorescence emission at 30 and 60 min following CellROX stimulation (S3

Fig). Congruent with prior in vitro results, neutrophils isolated from resistin-producing mice

generated higher concentrations of reactive oxygen species than those isolated from resistin-

deficient mice, both following stimulation with LPS (P = 0.0016, Fig 5C) and PMA (P = 0.01,

Fig 5D).

Fig 5. Outcomes for knockout mice (Rko) and those producing human resistin (Retn+) in acute sepsis induced by

CLP. A, Kaplan-Meier curve following acute sepsis (time = 0 h), with n = 14 for Retn+ of whom 11 underwent CLP

and 3 underwent sham surgery; n = 18 for Rko of whom 13 underwent CLP and 5 underwent sham surgery. High

apparent mortality in sham-operated Retn+ is attributed to one mortality in a group with n = 3, which we surmise to

be an outlier. B, Peritoneal bacterial load in relation to expression of human resistin. There was no bacterial

overgrowth in Rko as compared with Retn+ mice with sepsis. n = 4 for Rko and n = 3 for Retn at 6 h; n = 9 for Rko and

Retn+ at 24 h. C, Change in fluorescence intensity between neutrophils stimulated with PMA and unstimulated cells

following exposure to CellROX reagent at 24 h following CLP (n = 6 for Rko and Retn+ mice). D. Change in

fluorescence intensity between neutrophils stimulated with LPS and unstimulated cells following exposure to CellROX

reagent at 24 h following CLP (n = 6 for Rko and Retn+ mice).

https://doi.org/10.1371/journal.pone.0265241.g005
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Resistin production is associated with higher MSS score and tachypnea at

24 h following bacterial peritonitis, but no difference in body temperature

In addition to the SOFA-derived parameters described above, we measured temperature and

modified MSS scores as independent surrogates of illness severity in murine sepsis. Mai et al
have compared the MSS, M-CASS and MGS scoring systems within 24 h of CLP sepsis and

have reported that modified MSS score combined with body temperature are effective markers

of disease severity and reliably predict death following sepsis secondary to CLP [25].

Septic mice developed significant and progressive hypothermia as compared with control

mice (P<0.0001) (Fig 6A). A time-dependent decrease in heart rate and breath rate was seen

in septic mice (Fig 6C), although peripheral blood oxygenation (SpO2) remained unchanged

(Fig 6D). As expected, mice with acute sepsis had a higher mean modified MSS score at 6 h

and 24 h as compared with control mice undergoing sham surgery (P<0.0001) (Fig 6B). At 24

h, resistin-producing mice had elevated MSS scores (P = 0.01) more tachypnea (P = 0.048),

although their temperature was not significantly different from that of resistin-deficient mice

(Fig 6).

Discussion

The primary goal of this study was to establish a reproducible in vivo model with which to

investigate the effect of human resistin on sepsis severity and organ dysfunction. The clinical

relevance of this objective lies in the continued lack of clarity regarding the pathophysiologic

role of resistin in human sepsis, an issue which has been debated since 2007 [1]. Since this ini-

tial report, certain studies have confirmed the value of resistin as a biomarker of sepsis severity

Fig 6. Physiologic parameters at 0 h, 6 h and 24 h post-surgery in mice lacking resistin (Rko) and in mice

producing human resistin (Retn+). A, Rectal temperature, B, Mouse Severity of Sepsis Score; C, Breath Rate; D,

Oxygen saturation by pulse oximetry. N = 10–25 per group. Box and violin plot line at mean value for each group.

https://doi.org/10.1371/journal.pone.0265241.g006
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[4, 5, 35–40] while others have suggested a more direct relationship between blood resistin

concentration, endothelial markers and organ failure [8]. Our previous studies, however,

showed that physiologically relevant concentrations of resistin directly inhibit neutrophil func-

tion ex vivo, indicating suppression of innate immunity as a likely pathophysiologic mecha-

nism of resistin [9, 11]. We demonstrated that resistin inhibits bacterial killing (by cell-

cultured neutrophils) of the Gram-negative bacterium Pseudomonas aeruginosa and of the

Gram-positive bacterium Staphylococcus aureus which are common pathogens causing health-

care-acquired infections and sepsis [10].

These encouraging data provided a likely explanation by which elevated resistin concentra-

tions could mediate severe sepsis and shock in vivo. In the current study we selected an estab-

lished transgenic mouse model in which circulating human resistin concentrations were

within the normal human range and markedly increased upon exposure to endotoxin due to

production by mouse macrophages [15]. This same model has been used to demonstrate that

resistin plays a protective role in LPS-induced septic shock, with increased survival of hel-

minth-infected, resistin-producing mice after a rapidly lethal dose of LPS [18]. However, as

the relevance of acute endotoxemia as a model of clinical sepsis has been questioned [41], our

study is the first to report the effect of resistin in a well-established and clinically relevant surgi-

cal model of murine abdominal sepsis. Mice were provided with analgesics, antibiotics and

fluid therapy analogous to the care patients receive during acute abdominal sepsis. Further-

more, our study is the first (to our knowledge) to apply practical, SOFA-derived parameters in

mice alongside the recently validated MSS score, to enhance the translational relevance of our

results.

We did not detect a significant difference in SOFA-based laboratory markers of organ dys-

function, including bilirubin, creatinine concentration or platelet count within 24 h of sepsis

onset in Retn+ mice. We did, however, note that an increase in modified MSS score and a

decrease in core body temperature following acute sepsis independently portended poorer out-

comes, confirming previously reported findings [25]. Thus, our data support the continued

use of these endpoints as factors guiding humane endpoints for rodent euthanasia in acute sep-

sis. The current study also provides further evidence that resistin is more likely to be a marker

of acute inflammation rather than a disease-mediating cytokine in acute sepsis. Sepsis predict-

ably increased serum concentration of acute, proinflammatory cytokines, such as IL-6, as well

as markers of endothelial dysfunction markers (ICAM-1 and angiopoietin 2). However, there

was no relationship between blood resistin concentration and that of ancillary, sepsis-induced

cytokines. Sepsis is known to cause widespread endothelial dysfunction, and angiopoietin-2

has recently gained prominence as an alternative biomarker of sepsis severity. By destabilizing

the vascular endothelium, angiopoietin-2 causes vascular leak and interferes with the micro-

vascular control of blood flow [42–45]. The dramatic increase in angiopoietin we observed in

mice undergoing CLP suggests that the murine CLP model may be a relevant model with

which to further investigate the role of angiopoietin-2 in humans.

Our results indicate that resistin may increase neutrophil transmigration into the peritoneal

cavity and cause more robust neutrophil oxidative burst. Resistin production was found to cor-

relate with an increase in peritoneal fluid Ly6Chi (CX3CR1intCCR2+) monocytes at 6 h post-

sepsis and a decrease in blood Ly6Clo(CX3CR1hiCCR2−) monocytes at 24 h post-sepsis. While

both monocyte subsets are involved in pro- and anti-inflammatory responses, the latter mono-

cyte subset have been dubbed ‘patrolling’ monocytes and they correspond to human ‘non-clas-

sic’ monocytes. Adhering to the luminal side of the endothelium, they scavenge luminal debris

and maintain endothelial integrity although their roles are still poorly understood [46]. Ly6Chi

monocytes form an integral part of sterile and infectious inflammation, and our data indicate

their increased presence in the peritoneal cavity of resistin-producing mice. The significance
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of this finding is uncertain in the context of similar macrophage numbers and peritoneal bac-

terial growth in resistin-producing and resistin-deficient mice. Murine monocytes possess tre-

mendous plasticity, however, and blood Ly6Chi monocytes can differentiate into Ly6Clo

monocytes or into monocyte-derived dendritic cells or macrophages in infected tissue (in

cases where tissue macrophages are depleted and need to be regenerated) [46, 47]. This activa-

tion and differentiation may not yet have occurred at our observed time points. Alternatively,

while the numbers of Ly6Chi monocytes are increased in resistin-producing mice, the cells

may be dysfunctional and unable to execute their proinflammatory and/or phagocytic func-

tions. The unchanged proportion of antigen-presenting monocytes with resistin production

would corroborate this hypothesis. Further studies are required into the role of human resistin

on septic Ly6Chi monocytes. Given that human resistin is produced by monocytes in Retn

+ mice, one may also postulate whether inflammation-triggered resistin release is causing an

autocrine, detrimental effect on peritoneal Ly6 hi monocytes transmigrating into the perito-

neal cavity.

The findings of our current investigation, and their apparent discordance with prior in
vitro findings, underline the importance of using a clinically relevant model when performing

translational investigations of human disease to delineate the role of biologic mediators on

complex temporal immune responses in sepsis. Despite differences in blood and peritoneal

fluid cell profiles, we did not observe a difference in our primary outcomes between mouse

cohorts. Our results raise the possibility of experimental model artifact, as they contrast with

prior (albeit conflicting) data regarding protective [18] and detrimental [19] effects of resistin

following LPS exposure. It is also possible that our experimental model provides further evi-

dence of the caution required in extrapolating results induced from murine endotoxemia

research to human sepsis [41]. The inability of the scientific community to decipher a consis-

tent role of human resistin in sepsis since its discovery in 2001, beyond that of an inflamma-

tory biomarker like many others, may itself question the clinical relevance of resistin in this

disease.
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of CellROX reagent to neutrophils isolated from bone marrow of Rko (A, B) or Retn+ (C, D)
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(TIF)

S1 File. Contains supporting S1 and S2 Tables, which detail the mean blood cytokine con-

centrations at 6h and 24h respectively following surgery.

(DOCX)

PLOS ONE Effect of resistin on organ dysfunction in murine surgical sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0265241 March 14, 2022 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265241.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265241.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265241.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265241.s004
https://doi.org/10.1371/journal.pone.0265241


Acknowledgments

We thank Abigail Samuelsen for her excellent technical assistance, Dr. Daniel McKeone for his

expertise with Luminex assays and Dr. E Scott Halstead for his expertise with flow cytometry. We

thank Dr. Meera Nair from the University of California (Riverside, CA), for providing the Rko

and Retn+ mice used in these experiments. We thank the members of PSU-College of Medicine

Flow Cytometry Core Hershey (RRID:SCR_021134), for their assistance with sample processing.

Author Contributions

Conceptualization: Anthony S. Bonavia, Zissis C. Chroneos, Victor Ruiz-Velasco, Charles H.

Lang.

Data curation: Anthony S. Bonavia.

Formal analysis: Anthony S. Bonavia.

Funding acquisition: Anthony S. Bonavia.

Investigation: Anthony S. Bonavia.

Methodology: Anthony S. Bonavia, Zissis C. Chroneos, Victor Ruiz-Velasco, Charles H. Lang.

Resources: Zissis C. Chroneos, Victor Ruiz-Velasco, Charles H. Lang.

Supervision: Charles H. Lang.

Validation: Anthony S. Bonavia.

Visualization: Charles H. Lang.

Writing – original draft: Anthony S. Bonavia.

Writing – review & editing: Anthony S. Bonavia, Zissis C. Chroneos, Victor Ruiz-Velasco,

Charles H. Lang.

References
1. Sunden-Cullberg J, Nystrom T, Lee ML, Mullins GE, Tokics L, Andersson J, et al. Pronounced elevation

of resistin correlates with severity of disease in severe sepsis and septic shock. Crit Care Med. 2007; 35

(6):1536–42. https://doi.org/10.1097/01.CCM.0000266536.14736.03 PMID: 17452927

2. Hillenbrand A, Knippschild U, Weiss M, Schrezenmeier H, Henne-Bruns D, Huber-Lang M, et al. Sepsis

induced changes of adipokines and cytokines—septic patients compared to morbidly obese patients.

BMC Surg. 2010; 10:26. https://doi.org/10.1186/1471-2482-10-26 PMID: 20825686

3. Karampela I, Christodoulatos GS, Kandri E, Antonakos G, Vogiatzakis E, Dimopoulos G, et al. Circulat-

ing eNampt and resistin as a proinflammatory duet predicting independently mortality in critically ill

patients with sepsis: A prospective observational study. Cytokine. 2019; 119:62–70. https://doi.org/10.

1016/j.cyto.2019.03.002 PMID: 30884428

4. Macdonald SP, Stone SF, Neil CL, van Eeden PE, Fatovich DM, Arendts G, et al. Sustained elevation

of resistin, NGAL and IL-8 are associated with severe sepsis/septic shock in the emergency depart-

ment. PLoS One. 2014; 9(10):e110678. https://doi.org/10.1371/journal.pone.0110678 PMID:

25343379

5. Vassiliadi DA, Tzanela M, Kotanidou A, Orfanos SE, Nikitas N, Armaganidis A, et al. Serial changes in

adiponectin and resistin in critically ill patients with sepsis: associations with sepsis phase, severity, and

circulating cytokine levels. J Crit Care. 2012; 27(4):400–9. https://doi.org/10.1016/j.jcrc.2012.04.007

PMID: 22699030

6. Bonaventura A, Carbone F, Vecchie A, Meessen J, Ferraris S, Beck E, et al. The role of resistin and

myeloperoxidase in severe sepsis and septic shock: Results from the ALBIOS trial. Eur J Clin Invest.

2020; 50(10):e13333. https://doi.org/10.1111/eci.13333 PMID: 32585739

7. Bokarewa M, Nagaev I, Dahlberg L, Smith U, Tarkowski A. Resistin, an adipokine with potent proinflam-

matory properties. J Immunol. 2005; 174(9):5789–95. https://doi.org/10.4049/jimmunol.174.9.5789

PMID: 15843582

PLOS ONE Effect of resistin on organ dysfunction in murine surgical sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0265241 March 14, 2022 14 / 16

https://doi.org/10.1097/01.CCM.0000266536.14736.03
http://www.ncbi.nlm.nih.gov/pubmed/17452927
https://doi.org/10.1186/1471-2482-10-26
http://www.ncbi.nlm.nih.gov/pubmed/20825686
https://doi.org/10.1016/j.cyto.2019.03.002
https://doi.org/10.1016/j.cyto.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30884428
https://doi.org/10.1371/journal.pone.0110678
http://www.ncbi.nlm.nih.gov/pubmed/25343379
https://doi.org/10.1016/j.jcrc.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22699030
https://doi.org/10.1111/eci.13333
http://www.ncbi.nlm.nih.gov/pubmed/32585739
https://doi.org/10.4049/jimmunol.174.9.5789
http://www.ncbi.nlm.nih.gov/pubmed/15843582
https://doi.org/10.1371/journal.pone.0265241


8. Macdonald SPJ, Bosio E, Neil C, Arendts G, Burrows S, Smart L, et al. Resistin and NGAL are associ-

ated with inflammatory response, endothelial activation and clinical outcomes in sepsis. Inflamm Res.

2017; 66(7):611–9. https://doi.org/10.1007/s00011-017-1043-5 PMID: 28424824

9. Bonavia A, Miller L, Kellum JA, Singbartl K. Hemoadsorption corrects hyperresistinemia and restores

anti-bacterial neutrophil function. Intensive Care Med Exp. 2017; 5(1):36. https://doi.org/10.1186/

s40635-017-0150-5 PMID: 28779451

10. Miller L, Singbartl K, Chroneos ZC, Ruiz-Velasco V, Lang CH, Bonavia A. Resistin directly inhibits bac-

terial killing in neutrophils. Intensive Care Med Exp. 2019; 7(1):30. https://doi.org/10.1186/s40635-019-

0257-y PMID: 31147868

11. Singbartl K, Miller L, Ruiz-Velasco V, Kellum JA. Reversal of Acute Kidney Injury-Induced Neutrophil

Dysfunction: A Critical Role for Resistin. Crit Care Med. 2016; 44(7):e492–501. https://doi.org/10.1097/

CCM.0000000000001472 PMID: 26646460

12. Gao L, Coe E, Campbell M, Yang M, Hand T, Rafaels NM, et al. Polymorphisms in Resistin (RETN) and

Resistin-like Beta (RETNLB) and Risk of Asthma in Independent Populations of African Descent. J

Allergy Clin Immun. 2009; 123(2):S166–S.

13. Ghosh S, Singh AK, Aruna B, Mukhopadhyay S, Ehtesham NZ. The genomic organization of mouse

resistin reveals major differences from the human resistin: functional implications. Gene. 2003; 305

(1):27–34. https://doi.org/10.1016/s0378-1119(02)01213-1 PMID: 12594039

14. Gerstmayer B, Kusters D, Gebel S, Muller T, Van Miert E, Hofmann K, et al. Identification of

RELMgamma, a novel resistin-like molecule with a distinct expression pattern. Genomics. 2003; 81

(6):588–95. https://doi.org/10.1016/s0888-7543(03)00070-3 PMID: 12782128

15. Park HK, Qatanani M, Briggs ER, Ahima RS, Lazar MA. Inflammatory induction of human resistin

causes insulin resistance in endotoxemic mice. Diabetes. 2011; 60(3):775–83. https://doi.org/10.2337/

db10-1416 PMID: 21282361

16. Koch A, Gressner OA, Sanson E, Tacke F, Trautwein C. Serum resistin levels in critically ill patients are

associated with inflammation, organ dysfunction and metabolism and may predict survival of non-septic

patients. Crit Care. 2009; 13(3):R95. https://doi.org/10.1186/cc7925 PMID: 19545363

17. Park HK, Ahima RS. Resistin in rodents and humans. Diabetes Metab J. 2013; 37(6):404–14. https://

doi.org/10.4093/dmj.2013.37.6.404 PMID: 24404511

18. Jang JC, Li J, Gambini L, Batugedara HM, Sati S, Lazar MA, et al. Human resistin protects against

endotoxic shock by blocking LPS-TLR4 interaction. Proc Natl Acad Sci U S A. 2017; 114(48):E10399–

E408. https://doi.org/10.1073/pnas.1716015114 PMID: 29133417

19. Jiang S, Park DW, Tadie JM, Gregoire M, Deshane J, Pittet JF, et al. Human resistin promotes neutro-

phil proinflammatory activation and neutrophil extracellular trap formation and increases severity of

acute lung injury. J Immunol. 2014; 192(10):4795–803. https://doi.org/10.4049/jimmunol.1302764

PMID: 24719460

20. Lewis AJ, Seymour CW, Rosengart MR. Current Murine Models of Sepsis. Surg Infect (Larchmt). 2016;

17(4):385–93. https://doi.org/10.1089/sur.2016.021 PMID: 27305321

21. Fink MP. Animal models of sepsis. Virulence. 2014; 5(1):143–53. https://doi.org/10.4161/viru.26083

PMID: 24022070

22. Remick DG, Ward PA. Evaluation of endotoxin models for the study of sepsis. Shock. 2005; 24 Suppl

1:7–11.

23. Remick DG, Newcomb DE, Bolgos GL, Call DR. Comparison of the mortality and inflammatory

response of two models of sepsis: lipopolysaccharide vs. cecal ligation and puncture. Shock. 2000; 13

(2):110–6. https://doi.org/10.1097/00024382-200013020-00004 PMID: 10670840

24. Shrum B, Anantha RV, Xu SX, Donnelly M, Haeryfar SM, McCormick JK, et al. A robust scoring system

to evaluate sepsis severity in an animal model. BMC Res Notes. 2014; 7:233. https://doi.org/10.1186/

1756-0500-7-233 PMID: 24725742

25. Mai SHC, Sharma N, Kwong AC, Dwivedi DJ, Khan M, Grin PM, et al. Body temperature and mouse

scoring systems as surrogate markers of death in cecal ligation and puncture sepsis. Intensive Care

Med Exp. 2018; 6(1):20. https://doi.org/10.1186/s40635-018-0184-3 PMID: 30054760

26. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H, et al. The SOFA (Sepsis-

related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of the Work-

ing Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive

Care Med. 1996; 22(7):707–10. https://doi.org/10.1007/BF01709751 PMID: 8844239

27. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The Third Inter-

national Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. 2016; 315(8):801–10.

https://doi.org/10.1001/jama.2016.0287 PMID: 26903338

PLOS ONE Effect of resistin on organ dysfunction in murine surgical sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0265241 March 14, 2022 15 / 16

https://doi.org/10.1007/s00011-017-1043-5
http://www.ncbi.nlm.nih.gov/pubmed/28424824
https://doi.org/10.1186/s40635-017-0150-5
https://doi.org/10.1186/s40635-017-0150-5
http://www.ncbi.nlm.nih.gov/pubmed/28779451
https://doi.org/10.1186/s40635-019-0257-y
https://doi.org/10.1186/s40635-019-0257-y
http://www.ncbi.nlm.nih.gov/pubmed/31147868
https://doi.org/10.1097/CCM.0000000000001472
https://doi.org/10.1097/CCM.0000000000001472
http://www.ncbi.nlm.nih.gov/pubmed/26646460
https://doi.org/10.1016/s0378-1119%2802%2901213-1
http://www.ncbi.nlm.nih.gov/pubmed/12594039
https://doi.org/10.1016/s0888-7543%2803%2900070-3
http://www.ncbi.nlm.nih.gov/pubmed/12782128
https://doi.org/10.2337/db10-1416
https://doi.org/10.2337/db10-1416
http://www.ncbi.nlm.nih.gov/pubmed/21282361
https://doi.org/10.1186/cc7925
http://www.ncbi.nlm.nih.gov/pubmed/19545363
https://doi.org/10.4093/dmj.2013.37.6.404
https://doi.org/10.4093/dmj.2013.37.6.404
http://www.ncbi.nlm.nih.gov/pubmed/24404511
https://doi.org/10.1073/pnas.1716015114
http://www.ncbi.nlm.nih.gov/pubmed/29133417
https://doi.org/10.4049/jimmunol.1302764
http://www.ncbi.nlm.nih.gov/pubmed/24719460
https://doi.org/10.1089/sur.2016.021
http://www.ncbi.nlm.nih.gov/pubmed/27305321
https://doi.org/10.4161/viru.26083
http://www.ncbi.nlm.nih.gov/pubmed/24022070
https://doi.org/10.1097/00024382-200013020-00004
http://www.ncbi.nlm.nih.gov/pubmed/10670840
https://doi.org/10.1186/1756-0500-7-233
https://doi.org/10.1186/1756-0500-7-233
http://www.ncbi.nlm.nih.gov/pubmed/24725742
https://doi.org/10.1186/s40635-018-0184-3
http://www.ncbi.nlm.nih.gov/pubmed/30054760
https://doi.org/10.1007/BF01709751
http://www.ncbi.nlm.nih.gov/pubmed/8844239
https://doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
https://doi.org/10.1371/journal.pone.0265241


28. Reynolds P, Wall P, van Griensven M, McConnell K, Lang C, Buchman T. Shock Supports the Use of

Animal Research Reporting Guidelines. Shock. 2012; 38(1):1–3. https://doi.org/10.1097/SHK.

0b013e31825f396c PMID: 22706019

29. De Maio A, Torres MB, Reeves RH. Genetic determinants influencing the response to injury, inflamma-

tion, and sepsis. Shock. 2005; 23(1):11–7. https://doi.org/10.1097/01.shk.0000144134.03598.c5

PMID: 15614125

30. Crowell KT, Moreno S, Steiner JL, Coleman CS, Soybel DI, Lang CH. Temporally Distinct Regulation of

Pathways Contributing to Cardiac Proteostasis During the Acute and Recovery Phases of Sepsis.

Shock. 2018; 50(6):616–26. https://doi.org/10.1097/SHK.0000000000001084 PMID: 29240643

31. Ullman-Cullere MH, Foltz CJ. Body condition scoring: a rapid and accurate method for assessing health

status in mice. Lab Anim Sci. 1999; 49(3):319–23. PMID: 10403450

32. Craciun FL, Schuller ER, Remick DG. Early enhanced local neutrophil recruitment in peritonitis-induced

sepsis improves bacterial clearance and survival. J Immunol. 2010; 185(11):6930–8. https://doi.org/10.

4049/jimmunol.1002300 PMID: 21041722

33. Swamydas M, Lionakis MS. Isolation, purification and labeling of mouse bone marrow neutrophils for

functional studies and adoptive transfer experiments. J Vis Exp. 2013(77):e50586. https://doi.org/10.

3791/50586 PMID: 23892876

34. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of disease classification

system. Crit Care Med. 1985; 13(10):818–29. PMID: 3928249

35. Gokmen Z, Ozkiraz S, Kulaksizoglu S, Kilicdag H, Ozel D, Ecevit A, et al. Resistin—a novel feature in

the diagnosis of sepsis in premature neonates. Am J Perinatol. 2013; 30(6):513–7. https://doi.org/10.

1055/s-0032-1329182 PMID: 23147079

36. Cekmez F, Canpolat FE, Cetinkaya M, Aydinoz S, Aydemir G, Karademir F, et al. Diagnostic value of

resistin and visfatin, in comparison with C-reactive protein, procalcitonin and interleukin-6 in neonatal

sepsis. Eur Cytokine Netw. 2011; 22(2):113–7. https://doi.org/10.1684/ecn.2011.0283 PMID:

21636351

37. Yilmaz TU, Kerem M, Demirtas CY, Pasaoglu O, Tascilar O, Sakrak O, et al. Increased Resistin Levels

in Intra-abdominal Sepsis: Correlation with proinflammatory cytokines and Acute Physiology and

Chronic Health Evaluation (APACHE) II scores. Sultan Qaboos Univ Med J. 2014; 14(4):e506–12.

PMID: 25364554

38. Saboktakin L, Bilan N, Behbahan AG, Poorebrahim S. Relationship Between Resistin Levels and Sep-

sis Among Children Under 12 Years of Age: A Case Control Study. Front Pediatr. 2019; 7. https://doi.

org/10.3389/fped.2019.00355 PMID: 31555623

39. Aliefendioglu D, Gursoy T, Caglayan O, Aktas A, Ovali F. Can resistin be a new indicator of neonatal

sepsis? Pediatr Neonatol. 2014; 55(1):53–7. https://doi.org/10.1016/j.pedneo.2013.04.012 PMID:

23820264

40. Khattab AA, El-Mekkawy MS, Helwa MA, Omar ES. Utility of serum resistin in the diagnosis of neonatal

sepsis and prediction of disease severity in term and late preterm infants. J Perinat Med. 2018; 46

(8):919–25. https://doi.org/10.1515/jpm-2018-0018 PMID: 29605824

41. Osuchowski MF, Remick DG, Lederer JA, Lang CH, Aasen AO, Aibiki M, et al. Abandon the mouse

research ship? Not just yet! Shock. 2014; 41(6):463–75. https://doi.org/10.1097/SHK.

0000000000000153 PMID: 24569509

42. Orfanos SE, Kotanidou A, Gluynos C. Angiopoietin-2 is increased in severe sepsis: Correlation with

inflammatory mediators. (vol 35, pg 199, 2007). Critical Care Medicine. 2007; 35(4):1224–. https://doi.

org/10.1097/01.CCM.0000251640.77679.D7 PMID: 17110873

43. Siner JM, Bhandari V, Engle KM, Elias JA, Siegel MD. Elevated serum angiopoietin 2 levels are associ-

ated with increased mortality in sepsis. Shock. 2009; 31(4):348–53. https://doi.org/10.1097/SHK.

0b013e318188bd06 PMID: 18791490

44. Kumpers P, van Meurs M, David S, Molema G, Bijzet J, Lukasz A, et al. Time course of angiopoietin-2

release during experimental human endotoxemia and sepsis. Crit Care. 2009; 13(3):R64. https://doi.

org/10.1186/cc7866 PMID: 19416526

45. Davis JS, Yeo TW, Piera KA, Woodberry T, Celermajer DS, Stephens DP, et al. Angiopoietin-2 is

increased in sepsis and inversely associated with nitric oxide-dependent microvascular reactivity. Criti-

cal Care. 2010; 14(3). https://doi.org/10.1186/cc9020 PMID: 20482750

46. Mildner A, Marinkovic G, Jung S. Murine Monocytes: Origins, Subsets, Fates, and Functions. Microbiol

Spectr. 2016; 4(5).

47. Lauvau G, Chorro L, Spaulding E, Soudja SM. Inflammatory monocyte effector mechanisms. Cell

Immunol. 2014; 291(1–2):32–40. https://doi.org/10.1016/j.cellimm.2014.07.007 PMID: 25205002

PLOS ONE Effect of resistin on organ dysfunction in murine surgical sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0265241 March 14, 2022 16 / 16

https://doi.org/10.1097/SHK.0b013e31825f396c
https://doi.org/10.1097/SHK.0b013e31825f396c
http://www.ncbi.nlm.nih.gov/pubmed/22706019
https://doi.org/10.1097/01.shk.0000144134.03598.c5
http://www.ncbi.nlm.nih.gov/pubmed/15614125
https://doi.org/10.1097/SHK.0000000000001084
http://www.ncbi.nlm.nih.gov/pubmed/29240643
http://www.ncbi.nlm.nih.gov/pubmed/10403450
https://doi.org/10.4049/jimmunol.1002300
https://doi.org/10.4049/jimmunol.1002300
http://www.ncbi.nlm.nih.gov/pubmed/21041722
https://doi.org/10.3791/50586
https://doi.org/10.3791/50586
http://www.ncbi.nlm.nih.gov/pubmed/23892876
http://www.ncbi.nlm.nih.gov/pubmed/3928249
https://doi.org/10.1055/s-0032-1329182
https://doi.org/10.1055/s-0032-1329182
http://www.ncbi.nlm.nih.gov/pubmed/23147079
https://doi.org/10.1684/ecn.2011.0283
http://www.ncbi.nlm.nih.gov/pubmed/21636351
http://www.ncbi.nlm.nih.gov/pubmed/25364554
https://doi.org/10.3389/fped.2019.00355
https://doi.org/10.3389/fped.2019.00355
http://www.ncbi.nlm.nih.gov/pubmed/31555623
https://doi.org/10.1016/j.pedneo.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23820264
https://doi.org/10.1515/jpm-2018-0018
http://www.ncbi.nlm.nih.gov/pubmed/29605824
https://doi.org/10.1097/SHK.0000000000000153
https://doi.org/10.1097/SHK.0000000000000153
http://www.ncbi.nlm.nih.gov/pubmed/24569509
https://doi.org/10.1097/01.CCM.0000251640.77679.D7
https://doi.org/10.1097/01.CCM.0000251640.77679.D7
http://www.ncbi.nlm.nih.gov/pubmed/17110873
https://doi.org/10.1097/SHK.0b013e318188bd06
https://doi.org/10.1097/SHK.0b013e318188bd06
http://www.ncbi.nlm.nih.gov/pubmed/18791490
https://doi.org/10.1186/cc7866
https://doi.org/10.1186/cc7866
http://www.ncbi.nlm.nih.gov/pubmed/19416526
https://doi.org/10.1186/cc9020
http://www.ncbi.nlm.nih.gov/pubmed/20482750
https://doi.org/10.1016/j.cellimm.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25205002
https://doi.org/10.1371/journal.pone.0265241

