
SKELETAL MUSCLE INTERLEUKIN-6 CONTRIBUTES TO THE 
INNATE IMMUNE RESPONSE IN SEPTIC MICE

Orlando Laitano*, Gerard P. Robinson*, Christian K. Garcia*, Alex J. Mattingly*, Laila H. 
Sheikh*, Kevin O. Murray*, John D. Iwaniec*, Jamal Alzahrani*, Deborah Morse*, Juan 
Hidalgo†, Thomas L. Clanton*

*College of Health and Human Performance, Department of Applied Physiology and Kinesiology, 
Gainesville, Florida

†Department of Cellular Biology, Physiology and Immunology, Animal Physiology Unit, Faculty of 
Biosciences, Autonomous University of Barcelona, Barcelona, Spain

Abstract

Interleukin-6 (IL-6) is a major cytokine released by skeletal muscle. Although IL-6 plays complex 

but well-known roles in host defense, the specific contribution of skeletal muscle IL-6 to innate 

immunity remains unknown. We tested its functional relevance by exposing inducible skeletal 

muscle IL-6 knockdown (skmIL-6KD) mice to a cecal slurry model of polymicrobial peritonitis 

and compared responses to strain-matched controls and skeletal muscle Cre-matched controls 

at 3, 6, and 12 h postinfection. In both sexes, skmIL-6KD mice at 6 h of infection exhibited 

marked changes to leukocyte trafficking in the peritoneum, characterized by ~1.75-fold elevation 

in %neutrophils, a ~3-fold reduction in %lymphocytes and a ~2 to 3-fold reduction in %basophils. 

A similar pattern was seen at 12 h. No changes were observed in plasma leukocyte counts. 

Circulating cytokines in female skmIL-6KD mice at 6 h consistently showed modest reductions in 

IL-6, but marked reductions in a broad range of both pro- and anti-inflammatory cytokines, e.g., 

TNFα and IL-10. In both sexes at 12 h, a generalized suppression of plasma cytokines was also 

seen after the effects of Cre-induction with raloxifene were addressed. There were no significant 

effects of skmIL-6KD on mortality in either sex. Collectively, our results are consistent with 

skmIL-6 playing an important and previously unrecognized role in immune cell trafficking and 

cytokine regulation during septic shock.
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INTRODUCTION

Interleukin-6 (IL-6) is one of the most prevalent cytokines expressed in response to 

skeletal muscle contraction (1). Experiments sampling blood across the vasculature or in 

the interstitial space of the human leg during exercise reveal net secretion of IL-6 (2, 

3). This discovery shifted our paradigm regarding the function of skeletal muscles from 

solely movement-related activities to include possible endocrine and immune functions (4). 

Because of the linkage of skeletal muscle IL-6 secretion to exercise, most research on its 

isolated function, to date, has focused on the role skeletal muscle IL-6 plays in regulating 

metabolism (5, 6); whereas, much less is known about other functions.

One potential role of skeletal muscle IL-6 is in host defense. It is well accepted that IL-6 

plays important, yet complex, roles in immunity. These roles include the transition from 

innate to adaptive immunity, modulation of inflammatory cell trafficking at the site of 

infection (7), and initiation and regulation of the acute phase responses (8). IL-6 is also 

known to be produced by skeletal myofibers in response to exposure to pathogen-associated­

molecular-patterns like lipopolysaccharides (LPS) (9) and to other stress stimuli that are 

common in conditions of severe illness, such as heat shock (10, 11), catecholamines (12, 

13), and endoplasmic reticular stress (14). Since skeletal muscle comprises ~40% of lean 

body mass in both man and mouse (15), the potential contributions of skeletal muscle IL-6 

knockdown (skmIL-6) to host defense are substantial.

In this study, we tested the hypothesis that skeletal muscle IL-6 production contributes 

to net circulating IL-6 during exposure to septic peritoneal infection. Furthermore, we 

hypothesized that the IL-6 arising from skeletal muscle affects immune cell trafficking, 

expression of other circulating cytokines and the ability to fight the underlying infection. 

To test these hypotheses, we utilized an inducible skeletal muscle-specific IL-6 knockdown 

mouse, exposed to severe intraperitoneal polymicrobial sepsis. Our results demonstrate 

profound effects on immune cell trafficking at the site of infection and broad influences on 

circulating cytokines, particularly in females at 6 h.

MATERIALS AND METHODS

Animal care and handling

All protocols were approved by the University of Florida Institutional Animal Care and Use 

Committee. Animals were bred, in house, or purchased from The Jackson Laboratory (naive 

mice used in mortality experiments and for cecal slurry production) and singly housed at 

the University of Florida Animal Care Facilities. The temperature and relative humidity of 

the vivarium ranged from 20°C to 25°C and 31% to 67%, respectively. Mice were under a 

12:12-h light–dark cycle and had access to standard chow (2,918, Envigo) and automatic tap 
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water ad libitum. All reported information about the procedures conformed to the Animal 

Research Reporting of in vivo Experiments— ARRIVE guidelines (16).

Muscle-specific conditional IL-6 knockdown

We obtained embryos of floxed IL-6 mice (IL-6lox/lox) which were developed on a C57BL/6 

background (17). The mice were bred with a muscle-specific inducible Cre mouse developed 

by McCarthy et al. (18), and provided by Dr Karyn Esser. The Cre construct employs a 

human skeletal muscle α-actin promoter (HSA) and a mutated estrogen receptor ligand 

binding domain to activate the gene (HSA-CreERT2/−), also on a C57BL/6 background (Fig. 

1B). Cre expression with this construct is specific to skeletal muscles following exposure 

of the animal to an exogenous selective estrogen receptor-activating drug like tamoxifen or 

raloxifene. Mice were bred in colonies to produce male and female experimental mice, i.e., 

IL-6lox/loxCreERT2/−, which we will refer to as “skmIL-6” and separate sets of CreERT2/−, 

which we will refer to as “Cre” mice. For experiments, both strains were treated with either 

tamoxifen, raloxifene, or a matched vehicle-injected intraperitoneally (IP) to activate the 

recombinase, as described below and illustrated in Figure 1.

In initial experiments, we utilized two common tamoxifen doses to induce Cre 
recombination, 80 mg/kg IP (19), or 40 mg/kg IP (20) dissolved in sterile sunflower 

oil, daily for 5 consecutive days. However, concerns regarding drug effects of tamoxifen 

emerged including gut and heart injury (21-23) effects on immunity (24-26), and survival 

during infection (27). Therefore, we developed a protocol for raloxifene administration 

to induce the CreERT2/− which has previously been reported to reduce the toxic effects 

observed with tamoxifen (21, 22). All mice reported in this study were treated with either 

a single injection of raloxifene, 110 mg/kg, prepared in polyethylene glycol 400 (PEG400) 

at 55 mg/mL and combined in a suspension with equal parts of deionized water (DIH2O) 

or PEG400 and DIH2O as vehicle. We observed no apparent toxicity or ill effects to this 

treatment. We allowed mice to recover from raloxifene injections for at least 4 weeks prior 

to sepsis experiments. To test for the effectiveness of raloxifene in inducing the Cre in 

muscle, we injected Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J reporter mice (28) with 

raloxifene, as described above and evaluated the distributions of green fluorescent protein 

(GFP) and tdTomato using fluorescent microscopy.

Cecal slurry protocol

To induce sepsis we utilized a cecal slurry model previously described (29). In short, large 

numbers of donor mice were used to generate a pool of diluted cecal contents. These were 

mixed in a 15% glycerol/85%PBS to a concentration of 100mg slurry/mL. The slurry was 

aliquoted into ~2 mL cryovials and frozen at −80° C within Mr Frosty freezing containers 

(Thermo Fisher Scientific, Waltham, MA) for later use. Vials were allowed to thaw at 

room temperature and were vortexed immediately before an intraperitoneal injection was 

performed. Inoculation was performed on the lower right quadrant of the abdominal cavity. 

All mice were singly housed. To reduce animal suffering when large groups of mice were 

given sepsis, e.g., to determine rates of mortality, we developed a sensitive and specific 

method of predicting death based on reductions in body surface temperature, measured at 

the xiphoid process (30). Mortality rates were then determined for male and female mice at 
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slurry doses ranging from 1.0 mg/g to 1.8 mg/g of mouse. For all the remaining studies, an 

equivalent dosage was used that we predicted would result in 40% to 60% mortality over 5 

days in each sex, i.e., 1.6 mg/g in females and 1.2 mg/g in males. In all experiments, the 

xiphoid temperature was monitored every 6 to 12 h prior to death.

Polymicrobial sepsis and sample collection

For all experiments, mice were injected with cecal slurry between 2:00 AM and 5:00 AM and 

then specimens were collected at 3, 6, or 12 h post. Sixty minutes prior to sample collection, 

mice were injected with 0.5 cc of subcutaneous sterile warm saline, which resulted in more 

reliable collection of blood samples. At the targeted collection time, mice were anesthetized 

under isoflurane and 2 mL of sterile PBS was injected into the peritoneum for collection 

of a peritoneal lavage sample. Mice were then placed in a supine position and a sample of 

arterialized blood collected in EDTA from the heart using a caudal transcardiac stick, just 

below the xiphoid process. In most cases > 0.6 mL of blood was collected. Whole blood and 

peritoneal lavage samples were immediately run in a hematology analyzer (Heska Element 

HT5) for differential cell counts using laser impedance and colorimetric technologies. Blood 

samples were then centrifuged at 2,000 g for 10 min at 4°C and the plasma was immediately 

snap frozen and stored at −80°C for later analyses of cytokines and chemokines.

Plasma cytokine and chemokine concentrations were measured using Luminex Magpix 

multiplex analyzer (25 Plex MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead 

Panel, Millipore). We followed manufacturer’s instructions for sample preparation. In short, 

plasma samples were diluted six times in serum matrix prior to analysis. Following 18-h 

incubation at 4°C with magnetic beads coated with primary antibodies, we washed the 

microplate twice with wash buffer. Thereafter, detection antibodies were added to the wells 

and incubated for 1 h at room temperature. Finally, streptavidin was added to each well for 

30-min incubation. Magnetic beads were then resuspended in assay buffer and run on the 

MagPix system.

Experimental design and statistical analysis

For 3, 6-, and 12-h time points, experiments were run as four matched groups, parallel 

in time, i.e. skmIL-6/raloxifene, skmIL-6/vehicle, Cre/raloxifene, Cre/vehicle, 10 animals 

per group, male and female (Fig. 1). Initial analyses of variance demonstrated strong 

differences between the responses of the two strains of mice, Cre and skmIL-6, independent 

of raloxifene treatment. Since this comprised a large source of variance in these populations, 

which interfered with detection of differences within groups, and because we were not 

interested in strain differences, we treated the Cre mice (with and without raloxifene) and 

the skmIL-6 mice (with and without raloxifene) as completely separate groups. We used the 

Cre mice to determine any effects of raloxifene or recombinase induction on the immune 

response and the skmIL-6 mice to determine the effects of skeletal muscle fiber IL-6 

knockdown.

All statistics were performed with SAS JMP Pro 14.1. For each variable we identified 

outliers from sample groups where all of the cytokine measurements were below or above 

detection limits suggesting a blood sample error or by Dixon Q test for parametric and 
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nonparametric outlier detection (31), set at the two sided, P = 0.01 level. This method 

detected only very extreme outliers and no more than one sample per group was eliminated. 

Less than 0.5% of the total data was removed by outlier detection and the same approach 

was used on all variables. Each population was then tested for normality using the Shapiro–

Wilk test. When one or more populations were non-parametric, we utilized the Wilcoxon 

signed-ranks test. Otherwise, we used the two-sample t test or Welch’s two-sample t test, 

for populations of equal or unequal variances, respectively. Thus, the data were handled 

as preplanned comparisons between matched groups. To avoid errors due to multiple 

comparisons, the P values were tested for significance after Benjamini-Hochberg analyses, 

using a false discovery rate threshold level of <15%. When appropriate, we evaluated 

mortality using parameterized Kaplan–Meier survival analyses factors, with sex, treatment, 

and crossed effects being included in parameterization analyses. For comparisons of dose 

effects on mortality rates in males and females we utilized a nominal logistic fit with effects 

of sex, dose, and crossed effects evaluated. Any other statistical approaches are outlined in 

the figure legends.

RESULTS

Raloxifene treatment induces Cre recombination in skmIL-6KD

Skeletal muscles from Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice treated with 

vehicle (PEG400) did not display Cre recombination (Fig. 2A). Raloxifene 

treatment was effective in inducing skeletal muscle-specific Cre recombination 

in skeletal muscle of Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice. Sections of 

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J liver did not reveal GFP, which is consistent 

with lack of Cre recombination. These experiments confirmed that our raloxifene treatment 

protocol was effective to induce Cre recombination, specifically in skeletal muscle fibers. 

Polymerase chain reaction analyses confirmed IL-6 knockdown induced by raloxifene, 

in soleus, gastrocnemius, tibialis anterior, and diaphragm. Importantly, the extent of 

knockdown was similar to that observed with tamoxifen treatment at doses traditionally 

employed (Fig. 2C). The IL-6 gene was preserved in other tissues such as heart, kidneys, 

spleen, and liver.

Effects of skmIL-6KD on leukocyte trafficking at the site of infection

Marked changes in the leukocyte differential counts were observed within the peritoneal 

lavage (i.e., the site of infection). Total white blood cell counts in the peritoneum were 

not significantly affected by skmIL-6KD (Fig. 3A). However, at 6 h post-cecal slurry 

injection, we observed marked increases in peritoneal %neutrophils (Fig. 3B), reductions in 

%lymphocytes (Fig. 3C), and reductions in %basophils (Fig. 3D) in both male and female 

mice. In female mice there was a similar response of peritoneal neutrophils and basophils at 

12 h; whereas, in males, any apparent changes did not reach statistical significance at this 

time point. These observations were mirrored in the absolute differential counts in females 

at 6 h, where lymphocytes averaged only ~0.25 of controls (P < 0.003) basophils averaged 

~0.35 of controls (P < 0.0003), and neutrophils averaged ~1.36 of controls (P = 0.1), data 

not shown. Absolute cell counts in the lavage in males followed a similar pattern but did not 

reach statistical significance. In females, a reduction in %eosinophils was also observed at 
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12 h in skmIL-6KD mice (Fig. 3E). In the blood samples, there were no significant effects 

of skmIL-6KD on blood differential counts at any time point in either males or females 

(Supplement Fig. S1, http://links.lww.com/SHK/B110).

Because of concerns regarding the impact of estrogen receptor activity on the 

immunological responses to sepsis (25, 26), we also measured responses in matched pairs 

of mice sharing only the Cre-gene, with and without raloxifene treatment. There were no 

significant effects of raloxifene/Cre induction in the peritoneal samples on total leukocyte 

counts or on any specific leukocyte subtypes, as shown in the Supplement Figure S2, http://

links.lww.com/SHK/B110. There were also no significant effects of Cre induction on blood 

leukocyte counts (data not shown).

To further resolve the time course of the response of the transgenic mice to cecal slurry 

injection, we repeated the experiments in all four groups of mice at the 3 h time point. The 

data can be found in the supplementary Tables S1, S2, and S3, http://links.lww.com/SHK/

B110. There were no significant effects of skmIL-6 KD at this time point on peritoneal 

lavage cell populations (Table S1). There were almost no effects of skmIL-6 KD on plasma 

cytokines in either males or females (Tables S2, S3). In males IL-15 and in females IL-13 

reached statistical significance, which we did not attribute any biological significance.

Effects SkmIL-6KD on circulatory cytokines and chemokines

Female skmIL-6KD mice showed consistent reductions in circulating cytokines involved 

in the early (6 h) innate immune response (Fig. 4). This generalized response carried over 

to nearly every measured cytokine and chemokine. Interestingly, skmIL-6KD resulted in 

only a modest reduction in circulating IL-6 (Fig. 4B). Male mice did not show significant 

alterations in plasma cytokines at either the 6 or 12 h time point. The circulating cytokine 

responses in the Cre strain showed no significant effects of raloxifene treatment at 6 h 

(Supplement Fig S3, http://links.lww.com/SHK/B110). However, at 12 h, raloxifene-treated 

mice tended to have elevations in circulating cytokines compared with vehicle-treated mice, 

e.g. (IFNγ, IL-1β, IL-5). Because of these background raloxifene-Cre induction influences, 

we utilized a correction at the 12 h timepoint for this effect by calculating the ratios of 

the individual responses of the skmIL-6 KD as a fraction of the average strain control and 

comparing these to the ratio of the responses in the raloxifene treated Cre mice as a fraction 

of their vehicle control. The results for both males and females are illustrated in Figure 5. As 

shown, most of the skmIL-6KD mice had lower cytokine ratios than their Cre counterparts 

with a number of the comparisons reaching statistical significance.

Effects of skmIL-6KD on Mortality

Male and female mice, in general, had different relationships between cecal slurry dose/body 

weight and mortality as shown in Figure 6A. Female mice appeared to be less sensitive 

to low doses of slurry, but once a threshold was reached, nearly all died. In contrast, the 

males were more sensitive to lower doses and once a threshold was reached, a death rate 

of ~70% to 80% was sustained, regardless of dose. This outcome in males resembles the 

results described in the original model by Starr et al. (29). Using a refined approach to 

reduce suffering during mortality evaluations (30), we identified no significant effects of 

Laitano et al. Page 6

Shock. Author manuscript; available in PMC 2021 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://links.lww.com/SHK/B110
http://links.lww.com/SHK/B110
http://links.lww.com/SHK/B110
http://links.lww.com/SHK/B110
http://links.lww.com/SHK/B110
http://links.lww.com/SHK/B110


skmIL-6KD on mortality rates in either males or females (Fig. 6B). However, female mice 

of the skmIL-6 strain, at the doses used here, had a lower mortality rate than males (P < 

0.01). These sex differences in mortality were not seen in identical studies done in male and 

female Cre mice, where there were no effects of either sex or Cre induction on mortality 

(data not shown).

DISCUSSION

The results demonstrate that suppression of skeletal muscle IL-6 during the early responses 

to severe polymicrobial sepsis results in an altered pattern of leukocyte trafficking at the 

site of infection and a generalized suppression of circulatory cytokines. The results do not 

support a major role of skeletal muscle myofibers in providing a substantial and sustained 

quantity of circulating IL-6 during septic shock. However, the data do support a role for 

skeletal muscle IL-6 in orchestrating the timing of immune cell trafficking in the peritoneum 

and modulating overall circulating cytokine responsiveness.

Leukocyte trafficking

The pattern of leukocyte recruitment and retention observed in the peritoneal lavage of 

skmIL-6KD mice is entirely aligned with what is currently known about the role of IL-6 in 

directing immune cell trafficking at the site of infection (32). A key inflammatory response 

to bacterial infection is the early recruitment of neutrophils, which is classically considered 

pivotal for the first line of defense against invading pathogens (33). Inadequate neutrophilic 

response results in difficulty eliminating the infection, and eventually, impaired wound 

healing (34). Conversely, excessive neutrophil migration or reduced clearance may lead to 

exaggerated and possibly damaging inflammatory responses, i.e., systemic inflammatory 

response syndrome (SIRS) (34). We observed that skmIL-6KD mice exhibited a marked 

increase in the percentage of neutrophils in the peritoneal cavity, suggesting that when 

skeletal muscle IL-6 functions normally, it somehow attenuates the flux of neutrophils into 

the site of infection, or contributes to an accelerated rate of neutrophil clearance. Both 

responses are well-known effects of the IL-6/JAK/STAT3 signaling pathway (7, 32, 35).

In contrast to the response of neutrophils, peritoneal lymphocyte numbers were consistently 

reduced in the skmIL-6KD mice, 6 h after sepsis. This result ascribes a reverse role of 

skeletal muscle IL-6 in facilitating lymphocyte movement into the infection site and/or 

promoting lymphocyte survival. Again, this response is consistent with well-known IL-6 

effects in promoting adhesion of lymphocytes on venules (36-38) and increasing migration 

into the site of infection (35). Overall, these actions of IL-6 would ultimately facilitate the 

transition from innate to acquired host defense.

The other major impact seen in the skmIL-6KD mice was a marked reduction in basophils 

in the peritoneum, suggesting that endogenous skmIL-6 in sepsis is somehow directly 

or indirectly influencing basophil migration. Basophils can improve survival in murine 

peritoneal sepsis via enhancement of bacterial clearance (39). Though they comprise a 

very small proportion of the total number of leukocytes in the peritoneum (1%–6%, Fig. 

3D), recent studies have revealed that they have an unexpectantly potent effect in resolving 

infection and elevating intraperitoneal and circulating levels of TNFα (39). For example, 
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knockout of basophil TNFα expression during peritonitis drops peritoneal TNFα to ~1/5 

and plasma TNFα to ~1/3 of control levels (39).

One of the difficulties in understanding these results is how the secretory behavior of a 

remote organ (i.e., skeletal muscle) could influence specifically the population of immune 

cells trafficking into the peritoneum. It is particularly curious how this effect could happen 

in male mice in which demonstrable changes in circulating IL-6 were not seen at any time 

point studied. We have considered several hypotheses. One was that skeletal muscle IL-6 

secretion could be a very early response that was missed at the 6 or 12 h collection time 

points. We tested this hypothesis in groups of 10 male and female mice at 3 h, post-cecal 

slurry injection as shown in Tables S1, S2, and S3. However, there were no significant 

differences in circulating IL-6 and no notable differences in other circulating cytokines or 

inflammatory cell populations in the peritoneum at this time.

A second hypothesis involves the unique potential of the diaphragm to contribute to 

inflammatory cell trafficking into the peritoneum. Intraperitoneal fluid primarily exits the 

peritoneal cavity via stomata on the peritoneal surface of the diaphragm and then into 

diaphragmatic lymphatic lacunae (40), eventually flowing through a variety of thoracic and 

abdominal lymphatic nodes and ducts into the circulation. Consider that in response to 

cecal slurry injection into the peritoneum, the diaphragm would be exposed to nearly all 

the septic fluid being cleared from the peritoneal space. Thus, the potential for toll-like 

receptor stimulation in the diaphragm during peritonitis is great. The primary pathway 

for neutrophils and lymphocytes to enter the peritoneum is believed to be through “high 

endothelial venules” which are vascular structures within the lymph nodes and vessels (41, 

42). The extensive network of lymphatic vessels in the diaphragm, its direct communication 

with the interstitial compartment around the muscle fibers, the probable exposure of the 

fibers to high concentrations of pathogens in this area, and the network of abdominal and 

thoracic lymphatics that lead from the diaphragm make this muscle uniquely positioned to 

influence leukocyte trafficking into the peritoneum. Finally, the diaphragm itself is the site 

of intensive localization of inflammatory cells, particularly monocytes, on the peritoneal 

surface during peritonitis induced by LPS (43). A potential immunological role for the 

diaphragm muscle fibers via cytokine and chemokine secretion in severe peritonitis warrants 

further investigation.

The cytokine/chemokine response

Another surprising outcome of these experiments was the marked suppression of essentially 

all circulating cytokines and chemokines in skmIL-6KD mice, particularly in females at the 

6 h time point but with some indication of a similar response at 12 h in both sexes. We 

predicted that if a substantial quantity of circulating IL-6 was reduced in the skmIL-6KD 

mice, we would observe an elevation in pro-inflammatory cytokines like TNFα (44) and 

IL-1β (45), a reduction in anti-inflammatory cytokines like IL-10 (46) and mixed effects on 

chemokines (47, 48). Instead, we observed a global suppression of circulating cytokines and 

chemokines (both inflammatory and anti-inflammatory).

We have considered several alternative hypotheses for this unusual observation as well. One 

possibility is the influence of skeletal muscle IL-6 on acute phase protein (APP) secretion in 
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the liver and in skeletal muscle (49, 50). IL-6, through JAK/STAT3 signaling, is a primary 

stimulus for APP transcription (51). An early surge in IL-6 coming from skeletal muscle 

could elevate serum amyloid A protein (SAA) secretion (49), which behaves as a damage­

associated molecular pattern, interacting with toll-like receptors, increasing generalized 

cytokine responses (52). In this secondary way, IL-6 could stimulate a wide range of 

circulating cytokines during sepsis, from a wide variety of organs and cells. However, we 

tested for effects of skmIL-6 KD in both males and females on liver and muscle SAA1 

and found no significant effects over time (data not shown). Another hypothesis centers 

on the greatly reduced basophil concentrations in the peritoneum in skmIL-6KD mice 

(Fig. 3D). As previously mentioned, recent studies have emphasized the critical importance 

of these cells in promoting inflammation and resolving infection during peritoneal sepsis 

(39). Their presence contributes to the largest fraction of total TNFα found in both the 

peritoneal space and in the circulation during murine septic shock (39). A marked reduction 

in basophils (as observed in Fig. 3D for both sexes) could therefore reduce circulating 

TNFα. As a consequence, this would reduce any TNFα-stimulated cytokines. We cannot 

rule out that there may have been baseline differences (e.g., before sepsis induction) in 

peritoneal cell populations and plasma cytokine measures in the skmIL-6 KD versus their 

strain controls. The data collected at 3 h (Tables S1, S2, and S3) suggest that at least early in 

the development of sepsis there were few differences between skmIL-6 KD and their strain 

controls, or with the Cre strain and its raloxifene-treated strain control. Therefore, if there 

were significant baseline differences it would seem unlikely that they could account for the 

large changes in these variables seen at 6 h into sepsis.

Finally, the differences in cytokine responses in male and female mice are difficult to 

explain. One possibility is the differences in regulation of the IL-6 gene through the 

effects of estrogen. Several investigators have demonstrated that estrogen receptor activation 

interferes with NFκB transignaling on the IL-6 gene (53, 54). It is possible that this 

background inhibition lowers the IL-6 signal sufficiently in all tissues that the effects of 

knockdown within muscle become more evident. Nevertheless, the values for circulating 

IL-6 in males and females are not strikingly different in this model (Fig. 4B). Another 

possibility is the larger basophil populations in the peritoneum of all female versus male 

mice during sepsis. At the 6 h timepoint the percentage of basophils is nearly four times 

higher in females than males (Fig. 3D). If cytokines in plasma are reflecting inflammatory 

events in the peritoneum as shown by Piliponsky et al. (39), then perhaps in males, 

peritoneal basophils are not having proportionately as high of an effect on plasma IL-6 

or other cytokines compared with females.

Lack of effects on mortality

Global IL-6 KO or anti-IL-6 treatment in mice can either increase mortality (55, 56), 

decrease mortality (57, 58), or have no effect (59, 60). Thus, considering the wide range 

of reported outcomes with global knockout, it is not surprising that we saw no significant 

effect of eliminating a single tissue source of IL-6 (e.g., skeletal muscle) on mortality. The 

mortality outcome may reflect in part the severity of the model. The cecal slurry model used 

here develops sepsis very rapidly, over the course of several hours. Animals generally die 

or resolve the infection within 24 to 36 h (30) and our mortality rates at these doses were 
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high. There are, no doubt, numerous comorbidities that may be only indirectly related to 

resolution of the bacterial infection, such as when SIRS reaches a point of no return or when 

dehydration and hypothermia contribute to the deterioration of the animals’ health. These 

comorbidities may not be affected by subtle changes in cytokine signaling, yet they may 

have ultimately determined the fate of the animals. We utilized the model as it was originally 

described (29), prior to more recent recommendations that bring this and other models more 

closely aligned with conditions that resemble the human patient (61, 62). It is possible in 

a more physiological or prolonged model that the skmIL-6 response could have a greater 

influence on the ability of the mice to resolve massive infection and survive.

CONCLUSIONS AND IMPLICATIONS

Our data lend support to a contributing role of skmIL-6 in host defense, but probably 

not by greatly affecting the overall levels of circulating IL-6 that we expected, but rather 

by orchestrating the behavior of immune cell trafficking in the peritoneum. What is 

the significance of muscle? Epidemiological studies have observed that sedentary versus 

minimally active individuals are approximately ~2.4 times more likely to die from sepsis 

(63), but the mechanistic links between exercise conditioning, muscle health, and a healthy 

immune system are not yet understood. This study suggests that, when considering the many 

functional roles of skeletal muscle, it is reasonable to consider its role in contributing to 

effective innate immunity. How aging, exercise, and various disease states influence this new 

element of immune regulation, which could be called the “myoimmune axis” is a new vector 

of research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study design.
(A) Floxed IL-6 mice (IL-6lox/lox) were bred with (B) alpha actin merCREmer mice (HSA-

CreERT2/−) to form (C) homozygote floxed SkmIL-6+/+ mice with a heterozygote HSA­

CreErt/+/−. Groups B and C were then randomly divided into raloxifene treatment (to induce 

Cre) or vehicle treatment to produce a total of four experimental groups. Comparisons 

within group B were used to test for effects of raloxifene treatment and CRE induction. 

Comparisons in Group C were used to test for effects of SkmIL-6 knockdown. SkmIL-6 

indicates skeletal muscle interleukin-6, IL; HSA, human skeletal muscle α-actin promoter.
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Fig. 2. Raloxifene induction of Cre transgene.
A, Effects of vehicle versus raloxifene treatment on GFP expression using ROSA mice 

(B6.129(Cg)-Gt(Rosa)26Sortm4(ACTB-tdTomato,-EGFP)/Lou/J) in the tibialis muscle and liver. 

B, Schematic of the conditional muscle-specific IL-6 knockdown used in the experiments. 

C, PCR genotyping of conditional knockdown in representative skeletal muscles and liver 

in raloxifene treated and tamoxifen treated mice. Identical contrast was applied to the 

fluorescent images across all tissues, using Power Point software. IL indicates interleukin.
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Fig. 3. Effects of skmIL-6 knockdown on immune cell recruitment to the peritoneum.
SkmIL-6 mice treated with vehicle; gray bars: skmIL-6KD mice 3 to 4 weeks following 

raloxifene treatment. Time points are 6 and 12 h post-cecal slurry IP injection. Following 

ANOVA, groups were tested by orthogonal comparisons within sex and strain matched 

controls. * = P < 0.05, ** = P < 0.01. n = 9–10 in each group. Data expressed as medians 

± 25% to 75% quartiles. SkmIL-6KD indicates skeletal muscle interleukin-6 knockdown; IP 

intraperitoneally.
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Fig. 4. Effects of skmIL-6KD on representative circulating cytokines/chemokines.
Data shown females and males at 6 and 12 h after cecal slurry injection. White bars = 

SkmIL-6 strain control, red bars = SkmIL-6KD. * = P < 0.05, ** = P < 0.01, *** = P < 

0.001, **** P < 0.0001. n = 9–10 in each group. Data expressed as medians ±25% to 75% 

quartiles. SkmIL-6KD indicates skeletal muscle interleukin-6 knockdown.
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Fig. 5. Results of circulating cytokines at 12 h post cecal slurry.
(A) Females and (B) males. To account for effects of raloxifene and Cre induction on the 

response this data is represented as fractions of the effects of raloxifene-Cre induction in 

Cre mice (hatched bars) versus effects of raloxifene-Cre induction in skmIL-6strain (i.e., 

skmIL-6KD). The raw data can be observed in both males and females in Supplemental 

Figs. S3 and S4, http://links.lww.com/SHK/B110. *= P < 0.05, ** = P < 0.01. n = 8–10 in 

each group. SkmIL-6KD indicates skeletal muscle interleukin-6 knockdown.
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Fig. 6. Mortality responses.
A, Effects of sex on the dose response to cecal slurry in wild-type C57/Bl6 mice. Above 

each bar are the number of animals tested at each dose. P values obtained from multivariate 

nominal logistic analysis. B, Effects of skmIL-6 knockdown on survival to cecal slurry. 

Females received higher doses. No significant effects of skmIL-6KD were observed in either 

sex but striking differences in mortality were observed between sex. n = 10 animals in each 

group (total n = 40). SkmIL-6KD indicates skeletal muscle interleukin-6 knockdown.
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