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Abstract 19 

Background 20 

Ileus is a well-recognized clinical problem, significantly impacting patient outcomes and increasing 21 

patient care costs. The objective of this study was to understand the interactions between PAK1, 22 

CXCL1, and mechanotransduction that contribute to the development of ileus.  23 

Methods 24 

Contractile activity was investigated after ileus was induced by gut manipulation in wild-type and 25 

PAK1 knockout mice. Cellular changes were investigated using a cyclical stretching human intestinal 26 

smooth muscle cell model (hISMC). Increased stress (as in edematous tissue) was simulated in human 27 

intestinal smooth muscle cells (hISMCs) by increased cyclic stretch (ECS). The non-edematous 28 

condition was simulated using control cyclical stretch (CCS). 29 

Results 30 

Decreased spontaneous contractile activity was detected after gut manipulation in wild-type but not 31 

PAK1 knockout mice. Although intestinal wall inflammation developed after gut manipulation in the 32 

wild-type and PAK1 knockout mice, as indicated by increased mast cell protease activity and 33 

intestinal edema, several cytokines were selectively reduced in the PAK1 knockout mice compared 34 

with wild-type mice, including CXCL1. In hISMCs, CXCL1 decreased MLC and MYPT1 35 

phosphorylation, indicating that CXCL1 reduces intestinal contractile activity via effects on intestinal 36 

smooth muscle. Subjecting hISMCs to ECS increased CXCL1 secretion compared with CCS, 37 

indicating that CXCL1 is induced via mechanotransductive signals, and the increased CXCL1 38 

secretion was blocked by PAK1 inhibition. NF-κB nuclear translocation increased in hISMCs 39 

subjected to ECS compared with CCS, and PAK1 inhibition prevented the increased NF-κB nuclear 40 

translocation, indicating that stretch-induced increases in NF-kB activation are PAK1-dependent. 41 

Inhibiting NF-κB activity prevented stretch-induced increases in CXCL1 secretion.  42 
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Conclusions 43 

These results demonstrate that interactions between mechanotransduction, CXCL1, and PAK1 44 

contribute to ileus. Mechanical signals induce increased PAK1 activity, which activates NF-kB, and 45 

increased NF-kB activity induces increased CXCL1 secretion. CXCL1 inhibits intestinal contractile 46 

activity. Understanding the mechanism for ileus development will facilitate the identification of new 47 

drug targets to treat ileus. 48 

 49 

Keywords 50 

Ileus, CXC chemokine 1, p21-activated kinase 1, NF-kappa B, mechanotransduction 51 

 52 
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Background 53 

Ileus is a significant clinical problem and economic burden affecting a large number of patients, 54 

including critically ill1, trauma,2 and postsurgical patients3. Ileus, defined as depressed or ceased 55 

intestinal contractile activity, is a well-recognized clinical problem that significantly impacts patient 56 

outcomes by preventing enteral feeding. Many studies, including multiple meta-analyses, 57 

demonstrated that early enteral feeding improves outcomes, including mortality, sepsis, overall 58 

complications, infectious complications, and multi-organ failure, compared with delayed or parenteral 59 

feeding in critically ill patients.4-7 Furthermore, feeding intolerance due to ileus prolongs hospital and 60 

intensive care unit stays and increases infectious and thromboembolic complications.2, 8 Delayed 61 

feeding due to ileus also causes nutritional deficits in already compromised patients, which often 62 

necessitates parenteral feeding. Furthermore, ileus causes significant patient discomfort.9, 10  63 

In addition to the impact on patient outcomes, the deleterious effects of ileus increase patient care 64 

costs. In an Australian study, patient care costs increased by 26% in patients with ileus after colorectal 65 

surgery,11 and in a recent meta-analysis, ileus increased total hospital costs by 66% in patients 66 

undergoing abdominal surgeries.12 Ileus increased individual hospital costs by $7000–$12,000 in the 67 

US and by approximately €4000 in Dutch and Danish hospitals.8, 13, 14 Furthermore, patients with ileus 68 

experience a significant reduction in quality of life, even 3 months after surgery.8 Although many 69 

surgical, trauma, and critically ill patients experience ileus, the available drugs to treat ileus are not 70 

very effective.15 In a retrospective study of moderate-to-severe trauma patients, treatment with 71 

prokinetics did not reduce gastric residual volumes or time to feeding goal.2 Therefore, new drugs to 72 

treat ileus are needed, and understanding the mechanisms contributing to the development of ileus is 73 

important for identifying new drug targets for the treatment of ileus.  74 

We recently showed that P21-activated kinase (PAK1) activity is increased in intestinal smooth 75 

muscle tissue in an ileus model, and increased PAK1 activity inhibits intestinal motility.16 In a primary 76 

intestinal smooth muscle cell model, increased cyclical stretch increased PAK1 activity, resulting in 77 

decreased myosin light chain (MLC) phosphorylation via decreased myosin phosphatase target subunit 78 
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(MYPT1) phosphorylation.16 Inhibition of PAK1 in intestinal smooth muscle cells subjected to 79 

increased cyclical stretch restored MYPT1 phosphorylation levels.16 These data indicate that 80 

mechanotransduction mediates at least part of the decreased intestinal motility induced by intestinal 81 

edema and the development of ileus. We also showed that CXCL1 levels increase in intestinal smooth 82 

muscle tissue after the induction of ileus, and circulating CXCL1 levels are significantly higher in 83 

trauma patients who develop ileus compared with trauma patients who do not develop ileus.17 84 

Furthermore, CXCL1 inhibits intestinal contractile activity.17 Thus, PAK1, mechanotransduction, and 85 

CXCL1 all contribute to ileus; however, the interactions between these signaling elements during the 86 

development of ileus are unclear. The objective of the present study was to understand the interactions 87 

between PAK1, CXCL1, and mechanotransduction during the development of ileus using a PAK1 88 

knockout model and cyclical stretching of primary hISMC. 89 

Methods 90 

Animal experiments 91 

All animal experiments complied with the Institutional Care and Use Committee Guidelines, and the 92 

protocol was approved at both institutions (HSC-AWC-13-090 and DEMAB/44-1/2025). All animal 93 

experiments were conducted in accordance with the National Institutes of Health Guide for the Care 94 

and Use of Laboratory Animals and the European Convention for the Protection of Vertebrate 95 

Animals Used for Experimental and Other Scientific Purposes. The PAK1 knockout mice 96 

(C57BL/6) were derived at the Medical Gene Technology Unit at the Institute of Experimental 97 

Medicine in Budapest, Hungary. PAK1 knockout was verified via western blotting. Heterozygotes 98 

were bred with heterozygotes to obtain PAK1 knockout mice, and the wild-type littermates were used 99 

for comparisons. Male and female mice (3–6 months; C57BL/6) were used for all experiments. Mouse 100 

weights were measured weekly for 12 weeks. At the time of sacrifice, intestinal lengths were 101 

measured.  102 
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Mice in each genotype group were randomized into the GM or SHAM groups. Ileus was induced 103 

using a gut manipulation (GM) model.18 Briefly, the mice were anesthetized with isoflurane. The small 104 

intestines were exteriorized via a laparotomy and rolled 3 times along the entire length of the small 105 

intestine between two sterile cotton swabs soaked in saline. The intestines were returned to the 106 

abdominal cavity, and the abdomen was closed. The SHAM group was subjected to a laparotomy 107 

only. At the end of the study period, mice were euthanized by cervical dislocation. 108 

Contractility measurements 109 

Contractile activity was measured in an organ bath system with external force displacement 110 

transducers (Experimetria Ltd., Budapest, Hungary) connected to a PowerLab (AD Instruments, 111 

Colorado Springs, CO, USA). Data were recorded and analyzed using LabChart software (AD 112 

Instruments, Colorado Springs, CO, USA). Full-thickness intestinal strips (1 cm) from the terminal 113 

ileum, excluding the last 1 cm close to the cecal junction, were mounted in the organ bath chambers 114 

containing oxygenated (95:5 O2:CO2) Krebs buffer, and the tension was adjusted to 0.5 g. After 115 

equilibrating for 10 minutes, the tension was readjusted to 0.5 g and equilibrated for another 20 116 

minutes. Baseline contractile activity was recorded for 10 minutes, followed by increasing 117 

concentrations of carbachol (10-8 to 10-4 M) added directly to the organ bath at 5-minute intervals. 118 

Agonist-induced contractile activity was defined as the contractile activity (integral) in response to 119 

carbachol. The following contractile activity measurements were calculated using the AD Instruments 120 

software: contractile activity as the integral (from zero), contractile activity as the integral from the 121 

minimum, contractile amplitude (difference between the minimum and maximum for each cycle), 122 

contractile tone calculated as the average minimum of the contraction cycle, and maximum agonist-123 

induced (carbachol) contractile activity. All measurements were averaged over 4 minutes of data and 124 

normalized to tissue weight. Carbachol-induced contractions were normalized to baseline. 125 

Western blotting and ELISAs 126 

Western blotting was performed as previously described.16 The PAK1, MLC, and phosphor-MLC 127 

(p20) antibodies were purchased from Cell Signaling. The GAPDH antibody was purchased from 128 
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Millipore. The MYPT1 and phospho-MYPT1 (Thr 696) antibodies were purchased from BD 129 

Biosciences and Millipore (Billerica, MA), respectively. The M2 muscarinic receptor antibody was 130 

purchased from Invitrogen (ThermoFisher), and the M3 muscarinic receptor antibody was purchased 131 

from Almone Laboratories. Western blots were analyzed using ImageJ. MLC and phospho-MLC were 132 

analyzed on separate western blots and normalized to the respective GAPDH levels for each blot. 133 

Therefore, MLC phosphorylation was calculated as follows: (MLC-P/GAPDH)/(MLC/GAPDH). 134 

MCP-1, CXCL1, and mast cell protease were measured using ELISA kits from R&D Systems, 135 

Invitrogen, and RayBiotech, respectively, following the manufacturers’ instructions.  136 

NF-κB Activity 137 

Human ISMCs subjected to stretch protocols (CCS, ECS) were sonicated and centrifuged to obtain 138 

pellets and supernatants for nuclear protein extraction and quantification. Nuclear proteins were 139 

isolated using an Abcam nuclear extraction kit following the manufacturer’s protocol. Nuclear factor 140 

(NF)-κB activity was assessed in nuclear extracts using a RayBiotech NF-kB assay kit and normalized 141 

to protein concentration determined by BCA (Invitrogen). Absorbance was measured at 450 nm using 142 

a Bio-Rad spectrophotometer. 143 

Cytokine arrays 144 

Cytokine and chemokine levels in the mouse ileal smooth muscle were measured using a mouse 145 

cytokine array (R&D Systems, Minneapolis, MN) following the manufacturer’s directions. The 146 

cytokine array kit included capture antibodies for 40 cytokines and chemokines immobilized on 147 

nitrocellulose membranes. Antibody binding was quantified using ImageJ.19, 20  148 

Wet-to-dry weight ratios 149 

Wet-to-dry weight ratios were measured in the mid-section of the small intestine. Intestinal samples 150 

were weighed immediately after collection. After drying in a 65°C oven, samples were weighed again. 151 

Wet-to-dry weight ratios were calculated as [(wet weight) – (dry weight)]/dry weight. 152 
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Cell experiments and stretching protocols 153 

Disease‐free small intestinal tissue was collected from organ donor patients after obtaining informed 154 

consent from a family member and approval by the Committee for the Protection of Human Subjects 155 

at the University of Texas Health Science Center at Houston. All tissue collection was performed in 156 

accordance with the Declaration of Helsinki. Human ISMCs were isolated and characterized, as 157 

previously described.16 The hISMCs were cultured in smooth muscle cell growth media (Cell 158 

Application Inc., cat 311-500, USA) and used at passages 4–5. 159 

The hISMCs were cultured in 6-well BioFlex® culture plates with flexible silicone elastomer bottoms 160 

(Flexcell, Hillsborough, NC) after coating the plates with 1 mg/ml poly-d-lysine (Sigma). Equibiaxial 161 

stretching was performed using the FX-4000TM Tension System (Flexcell, Hillsborough, NC). The 162 

cyclical stretch protocols were designed to mimic the amplitude and frequency measured in vivo in 163 

previous experiments.16 Control cells were subjected to basal cyclical stretch consisting of 0.4-Hz 164 

sinusoidal strain with a minimum 1% and a maximum 3% elongation. This stretching protocol, which 165 

mimics basal spontaneous intestinal contractions, is referred to as control cyclical stretch (CCS). 166 

Edema causes tissue swelling, and the edema cyclical stretch (ECS) protocol, which mimics the edema 167 

development in the gut manipulation model, consisted of gradually escalating 0.4-Hz cyclical stretch 168 

starting at a minimum 1% and a maximum 3% elongation and reaching a minimum 18% and 169 

maximum 20% elongation at 30 min, which was maintained for 3.5 h.  170 

THP-1 cells, an immortalized human monocyte‐like cell line (ATCC), were seeded onto Flexcell 171 

plates, and 30 hours later, the cells were treated with phorbol‐12‐myristate‐13‐acetate (PMA, 100 172 

ng/mL). Of note, THP-1 cells grow in suspension but attach to the Flexcell plates and differentiate into 173 

macrophage-like cells after PMA treatment. Forty-eight hours after PMA treatment, cells were 174 

subjected to the CCS or ECS stretching protocols, as described above.  175 

Human ISMC and THP-1 cells were treated with 10 μM IPA-3 or IMD 0354 for 30 minutes before 176 

subjecting the cells to CCS or ECS.  177 
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Statistical analyses 178 

All data are reported as means with standard errors. Group sizes were determined using a Power 179 

analysis and based on previous experience. Groups were compared using a main effects ANOVA for 180 

multiple groups or t-tests for two groups. All statistics were performed using Statistica (v15). P < 0.05 181 

was considered significant. 182 

Results 183 

Characterization of PAK1 knockouts 184 

PAK1 knockout in the small intestines was verified by western blotting. PAK1 expression was 185 

significantly reduced in heterozygote mice and undetectable in homozygote PAK1 knockout mice 186 

compared with wild-type mice (Figure 1A–B). As previously demonstrated in an intestinal edema rat 187 

model of ileus,16 intestinal smooth muscle PAK1 levels increased in the gut manipulation model of 188 

ileus compared with the sham-operated controls in wild-type mice (24 hours; Figure 1B). However, 189 

gut manipulation did not significantly increase PAK1 levels in the heterozygous or homozygous 190 

PAK1 knockout mice (Figure 1B).  191 

Female mice were significantly smaller than male mice for all genotypes (p < 0.005). Male PAK1 192 

knockout mice were slightly but significantly smaller than male wild-type mice (ANOVA, p < 0.05, 193 

+/+ vs. −/−), and female PAK1 knockout and heterozygous mice were 8–10% smaller than female 194 

wild-type mice (p < 0.05 for both) (Figure 1C). Of note, the PAK1 knockout mice tended to have 195 

fewer pups; thus, there are fewer mice in the PAK1 knockout mouse groups. The small intestinal 196 

lengths were not significantly different between the wild-type, heterozygotes, and PAK1 knockout 197 

mice in the SHAM group (Figure 1D). However, intestinal lengths were shorter in the gut 198 

manipulation group (GM group) compared with the SHAM group in the PAK1 knockout mice (Figure 199 

1D). Visually, there were no gross abnormalities in the small intestines of PAK1 knockout mice (data 200 

not shown). 201 
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Gut manipulation to induce ileus causes mast cell degranulation and the development of edema in the 202 

small intestine. Thus, these parameters were used as indicators of effective gut manipulation. As 203 

shown in Figure 1E, mast cell protease levels increased significantly in response to gut manipulation 204 

in both the wild-type and PAK1 knockout mice 4 hours after gut manipulation to induce ileus (+/+, p < 205 

0.005; −/−, p < 0.05); however, no significant differences in mast cell protease activity were detected 206 

between the wild-type and PAK1 knockout mice after gut manipulation (+/+ GM vs. −/− GM, p = 207 

0.030). Wet-to-dry weight ratios, indicating the development of edema, increased significantly 24 208 

hours after gut manipulation in all three genotype groups (Figure 1F). The wet to dry weight ratios 209 

were significantly higher in the heterozygous mice compared with the wild-type mice after gut 210 

manipulation (p = 0.043) and tended to be lower in the PAK1 knockout mice compared with the wild-211 

type and heterozygous mice after gut manipulation (+/+ GM vs. −/− GM, p = 0.059; +/− GM vs. −/− 212 

GM, p = 0.060), suggesting less inflammation in the intestines of the PAK1 knockout mice after gut 213 

manipulation compared with the wild-type and heterozygous mice. 214 

 215 
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Figure 1. Characterization of PAK1 knockout mice after sham surgery (SHAM) or gut manipulation (GM). A. Western blot showing the expression of PAK1 in wildtype

(+/+), heterozygous (+/−), and homozygous (−/−) PAK1 knockout mice. B. Quantification of PAK1 expression 24 hours after SHAM or GM. (n = 2 per group; +, p < 

0.05 and ++ p < 0.005 vs. respective wildtype; *, p < 0.05 vs. SHAM in same genotype) C. Body weights in male and female mice from the three mouse genotypes at 3 

months of age. (n = 6–24 per group; *, p < 0.05 vs. wildtype of same sex; +, p < 0.05 vs. female). D. Small intestinal lengths 24 hours after SHAM or GM. (n = 4 per 

group; *, p < 0.05 vs. SHAM in same genotype group). E. Mast cell protease levels in the peritoneal fluid 4 hours after SHAM or GM. (n = 6 per group; *, p < 0.05 and 

** p < 0.005 vs. SHAM in same genotype group). F. Wet-to-dry weight ratios, indicating edema development, 24 hours after SHAM or GM. (** p < 0.005 vs. SHAM in 

same genotype group).
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Intestinal contractility after the induction of ileus 216 

Contractile activity, including the integral, the integral from the minimum, the amplitude, the tone, and 217 

the maximum agonist-induced contractile activity, was measured 24 hours after gut manipulation or 218 

sham surgery. Contractile activity, calculated as the integral, was not significantly different between 219 

the wild-type, heterozygous, and homozygous mice or between the gut manipulation and sham-220 

operated mice (Figure 2A). However, if contractile activity was calculated as the area under the curve 221 

integrated from the minimum signal, contractile activity decreased significantly in wild-type mice 222 

(Figure 2B, SHAM +/+ vs. GM +/+, p < 0.01), but not in PAK1 knockout mice (SHAM -/- vs. GM -/-, 223 

p > 0.05), after the induction of ileus (GM group). Contractile activity calculated as the integral from 224 

zero is affected by the tone (average minimum of the contractile cycle), and the contractile activity 225 

calculated as the integral from the minimum of the contractile cycle is affected by the contraction 226 

amplitude. In agreement with the integral data, no significant differences in tone were detected 227 

between the mouse genotypes or after gut manipulation (Figure 2C). In contrast, contraction amplitude 228 

was significantly decreased after gut manipulation in the wild-type but not the PAK1 knockout mice 229 

(Figure 2D), in agreement with the integral from the minimum data. Maximum contractile activity 230 

induced by carbachol decreased significantly in all genotypes after gut manipulation, but was not 231 

significantly different between the genotype groups (Figure 2E). Frequency was not affected by gut 232 
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233 

manipulation or genotype (Figure 2F). Thus, both spontaneous and agonist-induced contractile activity 234 

were decreased after gut manipulation, but PAK1 knockdown only affected spontaneous contractile 235 

activity.  236 

Cytokine levels after induction of ileus 237 
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Figure 2. Contractile activity 24 hours after gut manipulation or sham surgery in wildtype, heterozygous, and homozygous PAK1 knockout mice. All contractile 

activity values reflect the averages over 4 minutes of data. A. Contractile activity, calculated as the integral (from zero). B. Contractile activity calculated as the 

integral from the minimum value. C. Intestinal tone, calculated as the average minimum value. D. Contraction amplitude, calculated as the average contraction cycle 

amplitude. E. Maximum agonist-induced contractile activity calculated as the maximum area under the curve after step-wise increased carbachol treatment from 
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Inflammation is thought to be involved in the development of ileus, and Figures 1E and F indicate that 238 

gut manipulation induced inflammation. Thus, a panel of cytokines and chemokines was measured in 239 

the intestinal smooth muscle tissue collected from wild-type and PAK1 knockout mice 4 hours after 240 

subjecting the mice to gut manipulation or sham surgery. As shown in Figure 3 A and B, more 241 

cytokines were up-regulated (> 1.5 fold GM/SHAM), and fewer cytokines were down-regulated (< 0.5 242 

fold GM/SHAM) in the wild-type mice compared with the PAK1 knockout mice (+/+ vs. −/−: > 1.5 243 

threshold, 11 vs. 3; < 0,5 threshold, 2 vs. 14; p < 0.001 using Chi-square test). TIMP1 and JE/MCP-1 244 

(MCP-1 is the human homolog of the mouse JE) were increased in both the wild-type and PAK1 245 

knockout mice. However, IL-27, CINC-1/CXCL-1 (CXCL1 is the human homolog of mouse CINC-246 

1), SDF-1, TREM1, IL-1β, and RANTES were increased in the wild-type but not the PAK1 knockout 247 

mice. The levels of JE/MCP-1, CINC-1/CXCL1, and IL-1β in mouse intestinal smooth muscle tissue 248 

were verified using ELISAs. Similar to the cytokine array results, MCP-1 increased after gut 249 

manipulation in the wild-type mice (p < 0.001) and tended to increase in the PAK1 knockout mice (p 250 

= 0.13) (Figure 3C). In agreement with the cytokine array data, CXCL1 significantly increased in the 251 

wild-type but not the PAK1 knockout mice (p = 0.69) (Figure 3D). IL-1β significantly increased in the 252 

wild-type mice (p < 0.001) but not the PAK1 knockout mice (p = 0.30) (Figure 3E). 253 
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using ELISAs. (n = 3–11 per group; *, p < 0.05 vs. SHAM).
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Effects of CXCL1 on contractile activity 254 

To determine if CXCL1 and increased stretch had direct effects on smooth muscle cells, the effects of 255 

CXCL1 on MLC phosphorylation, which is an essential step for smooth muscle contraction, were 256 

determined. Primary hISMC were subjected to CCS or ECS to mimic control conditions and edema 257 

development after gut manipulation. As shown in Figure 4A and B, treatment of hISMC with 258 

increasing concentrations of CXCL1 resulted in dose-dependent decreases in MLC phosphorylation in 259 

cells subjected to ECS but not CCS. CXCL1 (100 ng/ml) also induced a small but significant decrease 260 

in MYPT1 phosphorylation at Thr696 in cells subjected to ECS but not CCS (Fig. 4C, D). MYPT1 is 261 

the targeting subunit of myosin phosphatase, and reducing the inhibitory phosphorylation of MYPT1 262 

increases phosphatase activity and, consequently, lowers MLC phosphorylation. 263 

The levels of muscarinic receptors affect intestinal contractile activity; the M2 and M3 muscarinic 264 

receptor subtypes are expressed in intestinal smooth muscle cells. Therefore, we determined the effects 265 

of CXCL1 and stretch on the expression of M2 and M3 muscarinic receptor levels in hISMC. 266 

Increased cyclical stretch (ECS) induced decreased expression of both M2 and M3 muscarinic 267 

receptors (Figure 4E–G). However, CXCL1 treatment did not significantly alter M2 and M3 receptor 268 

levels.  269 
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 270 

Role of mechanotransduction in CXCL1 secretion from intestinal smooth muscle cells 271 

Intestinal edema increased significantly in the gut manipulation animal model of ileus (Figure 1F). We 272 

previously showed that intestinal edema increases mechanical stretch in the intestinal smooth muscle 273 

layers.21, 22 To determine if increased stretch in the intestinal smooth muscle layers induced CXCL1 274 

secretion, we measured CXCL1 secretion from hISMC after subjecting the cells to CCS, to mimic 275 

normal physiological conditions in the intestinal wall, or ECS, to mimic edema development and 276 

increased stretch in the intestinal wall. As shown in Figure 5A, subjecting hISMC to increased cyclical 277 

stretch (ECS) increased CXCL1 secretion into the media compared with CXCL1 levels under 278 

physiological cyclical stretch (CCS). 279 

Although edema (and therefore increased stretching of ISMC) develops in both the wild-type and 280 

PAK1 knockout mice, CXCL1 was not increased in the intestinal smooth muscle of PAK1 knockout 281 

mice after the induction of ileus (Figure 3D), suggesting that PAK1 influenced CXCL1 secretion. 282 

Therefore, we determined the effects of increased stretch on CXCL1 secretion in hISMC in the 283 

presence of the PAK1 inhibitor, IPA-3 (10 μM). IPA-3 blocked the stretch–induced (ECS) increase in 284 

 

Figure 4 . Changes in myosin light chain (MLC) and MYPT1 phosphorylation and muscarinic receptor levels in primary human intestinal smooth muscle cells after 

treatment with CXCL1 and subjecting cells to CCS or ECS stretching protocols for 4 hours. A–B. Representative western blots and quantification of changes in the ratio 

of phospho-MLC to total MLC in response to treatment with varying concentrations of CXCL1 and subjecting cells to CCS or ECS stretching protocols for 4 hours. (n 

= 2–7 per group; *, p < 0.05 vs. CCS; ***, p < 0.0001 vs. CCS). C–D. Representative western blots and quantification of changes in phospho-MYPT1(Thr696) to total 

MYPT1 in primary human intestinal smooth muscle cells in response to treatment with 100 ng/ml CXCL1 and subjecting cells to CCS or ECS stretching protocols for 4 

hours (n = 5 per group; *, p < 0.05 vs. CCS). E–G. Representative western blots and quantification of changes in M2 and M3 muscarinic receptors in primary human 

intestinal smooth muscle cells in response to treatment with 200 ng/ml CXCL1 and subjecting cells to CCS or ECS stretching protocols for 4 hours (n = 3 per group; *, 

p < 0.05 vs. CCS).
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CXCL1 secretion but did not affect CXCL1 secretion in hISMC subjected to CCS (Figure 5B and C). 285 

Therefore, stretch-induced increases in CXCL1 secretion may be at least partially mediated by PAK1.  286 

NF-κB is induced by cyclical stretch in a number of cell models23, 24 and is an important transcription 287 

factor regulating CXCL expression.25 Therefore, we determined the effects of increased stretch on NF-288 

κB activity. NF-κB activity was increased in hISMC subjected to ECS compared with CCS (Figure 289 

5D). To determine the effects of PAK1 on NF-κB activity, we measured NF-κB activity in hISMC 290 

subjected to CCS or ECS and in the presence or absence of IPA-3. The increased NF-κB activity 291 

induced by increased cyclical stretch (ECS) was partially inhibited by 10 μM IPA-3 (Figure 5D). 292 

Furthermore, inhibition of NF-κB with IMD 0354 (10 μM) blocked the stretch-induced increase in 293 

CXCL1 secretion (Figure 5E), indicating that stretch-induced increases in CXCL1 secretion are 294 

mediated by NF-κB. Overall, these results indicate that CXCL1 secretion is induced by increased 295 

stretch via NF-κB activation, and PAK1 activity is necessary for the induction of NF-κB. 296 
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CXCL1 secretion after subjecting hISMCs to CCS or ECS stretching protocols. (n = 6 per group; * p < 
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 297 

Role of mechanotransduction in CXCL1 secretion from macrophages 298 

Resident muscularis macrophages are thought to secrete inflammatory mediators during the 299 

development of ileus, and the macrophages are activated by gut manipulation.26 Therefore, we 300 

determined if increased cyclical stretch also increased CXCL1 secretion from macrophages. We used 301 

PMA-activated THP1 cells as a model of macrophages. As shown in Figure 6A, increased cyclical 302 

stretch (ECS) significantly increases the secretion of CXCL1 from activated THP1 cells (p < 0.05 CCS 303 

VHE vs. ECS VEH). Similar to hISMCs, inhibition of PAK1 with IPA-3 attenuated the stretch-304 

induced increases in CXCL1 secretion from activated THP1 cells after subjecting cells to ECS (p < 305 

0,005 ECS VEH vs. ECS IPA-3), but CXCL1 secretion in cells subjected to CCS was not affected by 306 

PAK1 inhibition (p = 0.64 CCS VEH vs. CCS IPA-3) (Figure 6A). Inhibition of NF-kB with IMD 307 

0354 (10 μM) also prevented stretch-induced increases in CXCL1 secretion, similar to hISMC (Figure 308 

6B). 309 

 310 

Figure 6. CXCL1 secretion in macrophages. THP1 cells were treated with PMA (100 ng/mL) for 48 h to differentiate into 

macrophage-like cells. A. CXCL1 secretion in the presence or absence of the PAK1 inhibitor IPA-3 (10 μM) or vehicle (VEH, 
0.02% DMSO) and CCS or ECS for 4 hours. CXCL1 was measured in the media. (n = 6 per group; *, p < 0.05 vs. CCS/VEH; ++, p

< 0.005 vs. ECS/VEH). B. CXCL1 secretion in the presence or absence of the NF-kB inhibitor IMD 0354 (10 μM) or vehicle (VEH, 
0.02% DMSO) and CCS or ECS for 4 hours. CXCL1 was measured in the media. (n = 4 per group; **, p < 0.005 vs. CCS/VEH; +,

p < 0.005 vs. ECS/VEH)
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Discussion 311 

Our results demonstrate that CXCL1, PAK1, and mechanotransduction interact and contribute to the 312 

development of ileus. Based on the results of the present study and our previous work, the proposed 313 

mechanism for decreased intestinal contractile activity after surgical manipulation of the gut, involving 314 

the interactions between CXCL1, PAK1, and mechanotransduction, is shown in Figure 7. Surgical 315 

manipulation of the gut causes intestinal interstitial edema (Figure 1F and 17), which increases 316 

mechanical stretch of the intestinal smooth muscle cells and other cells in the wall of the small 317 

intestine. Increased stretch of the intestinal wall during the development of intestinal interstitial edema 318 

is supported by several previous studies.21, 22 We previously showed that intestinal edema and 319 

increased mechanical stretch of hISMC induced increased PAK1 activity and CXCL1 secretion.16 17 In 320 

this study, we demonstrated that PAK1 knockdown prevented the induction of CXCL1 in intestinal 321 

smooth muscle tissue (Figure 3), supporting the role of PAK1 in inducing CXCL1 secretion. 322 

 

Intestinal Edema

↑PAK1 

↑CXCL1 secretion

↓MYPT Phos and MLC Phos

↓ Intestinal Contractile Activity

↑NF-kB activation

↑ Mechanical stretch of ISMCs

Surgery/gut manipulation

Figure 7. Schematic of the mechanism for decreased 

intestinal contractile activity after gut manipulation 

or surgery. Gut manipulation causes edema 

development, which swells the tissue, leading to 

increased stretch of cells in the intestinal wall, 

including intestinal smooth muscle cells (ISMCs) 

and resident macrophages. The mechanical signal 

leads to PAK1 activation and, subsequently, NFkB

activation. NFkB activation induces CXCL1 

secretion from the ISMC and macrophages (and 

perhaps other cell types). CXCL1 decreases MLC 

and MYPT1 phosphorylation levels, causing 

decreased intestinal contractile activity. Organ level 

changes are indicated by blue boxes, cellular level 

changes are indicated by a yellow box, and 

molecular level changes are indicated by orange. 

Increases are indicated by green text and decreases

are indicated by red text. 

↑ Distension of intestinal wall
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Furthermore, increased stretch induced NF-kB activity and CXCL1 secretion in hISMC, and PAK1 323 

inhibition prevented the induction of NF-kB activity and CXCL1 (Figure 5). Thus, NF-kB activity and 324 

CXCL1 secretion are PAK1-dependent in hISMC. CXCL1 secretion from hISMC and macrophages is 325 

dependent on NF-kB activation (Figures 5 and 6). Thus, PAK1 induces NF-kB, which leads to 326 

increased CXCL1 secretion. PAK1 modulation of NF-kB activity is supported by multiple studies.27-29 327 

Finally, increased CXCL1 secretion decreases MLC and MYPT1 phosphorylation (Figure 4), which 328 

leads to decreased spontaneous contractile activity 30-32. Taken together, these data support the 329 

proposed mechanism for the involvement of PAK1, CXCL1, and mechanotransduction in the 330 

development of ileus, as shown in Figure 7. Edema induces PAK1 activity via mechanotransduction. 331 

Increased PAK1 activity increases NF-kB signaling, leading to increased CXCL1 secretion. CXCL1 332 

inhibits MLC and MYPT1 phosphorylation, leading to decreased intestinal contractile activity, 333 

resulting in ileus.  334 

In a previous study, CXCL1 increased very early in a gut manipulation model of ileus before increases 335 

in other inflammatory mediators, such as IL-1β, and CXCL1 also increased in the plasma of trauma 336 

patients who develop ileus.17 CXCL1, added to the organ bath, inhibits contractile activity.17 In this 337 

study, CXCL1 levels in the intestinal smooth muscle were increased in the wild-type mice but not the 338 

PAK1 knockout mice after gut manipulation (Figure 3A and B), despite the development of 339 

inflammation (Fig. 1E and F). Of note, CXCL1 is also induced and associated with changes in motility 340 

in inflammatory bowel disease and irritable bowel syndrome.33 Thus, CXCL1, which may be induced 341 

by mechanical signals such as bowel distension, is associated with decreased intestinal contractile 342 

activity and may be involved in intestinal motility disorders in other diseases.  343 

To understand the changes in intestinal contractile activity after gut manipulation, we calculated not 344 

only the integral, which is commonly reported as intestinal contractile activity, but also the integral 345 

from the minimum, the tone, which was calculated as the average minimum of the cycle, the 346 

contraction amplitude, and the maximum carbachol-induced contractile activity. No differences in 347 

contractile activity (integral from 0) were detected after gut manipulation (Figure 2A). In contrast, 348 

contractile activity, measured as the integral from the minimum, was significantly reduced after gut 349 
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manipulation in the wild-type mice but not the knockout mice (Figure 2B). This difference was due to 350 

reduced contraction amplitude in the wildtype but not the PAK1 knockout mice (Figure 2D). The 351 

maximum carbachol-induced contractile activity was significantly reduced after gut manipulation 352 

regardless of the genotype (Figure 2E). These results demonstrate the inhibitory effects of increased 353 

PAK1 activity on intestinal contractile activity, leading to the development of ileus. In addition, these 354 

results demonstrate the necessity of utilizing more than the integral when investigating intestinal 355 

contractile activity. The differences in contractile activity would not have been detected if only the 356 

integral were calculated. 357 

Based on our results, PAK1 knockdown prevented the inhibitory effects of gut manipulation on 358 

spontaneous contractile activity, including contraction amplitude (Figure 2D), but not agonist-induced 359 

contractile activity (Figure 2E). The western blot results shown in Figure 4 align with these effects of 360 

PAK1 knockdown on intestinal contractile activity. Spontaneous contractile activity is mainly 361 

myogenic, and agonist-induced contractile activity is regulated via neurohumoral mechanisms. PAK1 362 

knockdown prevented the increases in CXCL1 induced by gut manipulation. Thus, CXCL1 was only 363 

increased in the intestinal smooth muscle of the wild-type mice, not the PAK1 knockout mice (Figure 364 

3). CXCL1 treatment of hISMC suppressed myosin light chain and MYPT1 phosphorylation, which 365 

regulate myogenic tone, affecting contraction amplitude (Figure 4). However, increased stretch, but 366 

not CXCL1, affected M2/M3 muscarinic receptor expression, which regulates response to agonists 367 

such as carbachol (Figure 4E–G); this result correlates with Figure 2E, showing decreased agonist-368 

induced contractile activity after gut manipulation (which induced edema and, hence, mechanical 369 

signals) and was unaffected by PAK1 knockdown. No significant differences in contraction frequency, 370 

which is mainly set by the interstitial cells of Cajal, were detected after gut manipulation or between 371 

genotypes. These results indicate that CXCL1 directly affects smooth muscle contraction via 372 

regulation of MLC phosphorylation rather than muscarinic receptor signaling. 373 

To understand the effects of PAK1 knockout on inflammation in the ileus model, we measured a panel 374 

of cytokines in wild-type and PAK1 knockout mouse intestinal smooth muscle after sham surgery or 375 

gut manipulation (Figure 3A and B). Although intestinal edema in the absence of hemodynamic 376 
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changes and increased mast cell protease activity indicated that inflammation developed in both the 377 

wild-type and PAK1 knockout mice after gut manipulation, fewer cytokines were upregulated in the 378 

intestinal smooth muscle of PAK1 knockout mice compared with the wild-type mice after gut 379 

manipulation, and several cytokines were differentially regulated, including CXCL1. PAK1 induces 380 

the activation and nuclear translocation of NF-κB to regulate a variety of cytokines, including TNF-α, 381 

IL-1β, IFN-γ, and CXCL1. 27, 28 Although TNF- α was not upregulated in the ileus mouse model, IL-382 

1β, IFN-γ, and CXCL1 were upregulated in wild-type mice but not PAK1 knockout mice after gut 383 

manipulation, suggesting that the upregulation of these cytokines after gut manipulation is mediated 384 

by PAK1. The upregulation of NF-kB by mechanical stretch has been shown in previous studies.34, 35 385 

Our cell experiments (Figure 5) demonstrated that stretch-induced CXCL1 secretion is dependent on 386 

NF-kB activity, which is regulated upstream by increased stretch-induced PAK1. Thus, preventing 387 

PAK1 activation before surgical manipulation of the gut may prevent post-operative ileus. 388 

Unfortunately, PAK1 inhibition may not attenuate ileus once it develops due to the downstream 389 

signaling caused by mechanotransductive mechanisms after edema formation. Thus, PAK1 inhibition 390 

may be a feasible pretreatment to prevent postoperative ileus, but may not a viable treatment for 391 

trauma or critically ill patients who cannot be pretreated.  392 

Ileus is thought to develop in two phases, an early neurogenic phase (within the first few hours after 393 

surgery or trauma) and a later (3–4 h) immune-mediated phase.36 The inflammatory responses during 394 

the second phase may be triggered by macrophage activation in the intestinal wall in response to gut 395 

manipulation (e.g., during surgery) or exposure to bacterial products.36 However, in a previous study, 396 

CXCL1 increased within 1 hour after gut manipulation in an ileus model, before most inflammatory 397 

cytokines increased; IL-1β and TNF-α only increased 4–12 hours after gut manipulation in a gut 398 

manipulation model.17 Thus, it is doubtful that CXCL1 was increased due to the release of 399 

inflammatory mediators by macrophage activation and/or neutrophil infiltration. Furthermore, 400 

increased cyclical stretch of both cultured intestinal smooth muscle cells and macrophages triggers the 401 

increased secretion of CXCL1 (Figures 5 and 6). Edema also develops within the first few hours after 402 

gut manipulation, resulting in increased stretch of the intestinal wall.17 In addition, gut manipulation 403 
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may induce mechanotransductive mechanisms. Therefore, CXCL1 is likely increased due to 404 

mechanotransduction mechanisms rather macrophage activation/neutrophil infiltration during the 405 

development of ileus. The question remains, why does edema develop so quickly, before most 406 

inflammatory mediators are released? We speculate that lymphatic vessels that drain the lymph may 407 

be disrupted by mechanical stimulation or that mechanical signals themselves trigger edema 408 

formation, perhaps before macrophage activation and neutrophil infiltration. Of note, hISMCs 409 

subjected to increased cyclical stretch (ECS) responded differently to CXCL1 treatment compared 410 

with hISMCs subjected to CCS (Figure 4). Therefore, other signaling mechanisms activated by 411 

increased mechanical stretch may contribute to changes in MLC and MYPT1 phosphorylation. 412 

Increased stretch induces CXCL1 secretion in both hISMCs and macrophages in a PAK1 and NF-kB- 413 

dependent manner (Figures 5 and 6). In addition to hISMCs and macrophages, CXCL1 expression and 414 

secretion are induced by mechanotransduction in a variety of other cell types. For example, CXCL1 415 

expression is induced in liver sinusoidal endothelial cells by cyclical stretch and portal hypertension.37 416 

Cyclical stretch also induces CXCL1 expression in vascular smooth muscle cells.38 CXCL1 is induced 417 

in hypertrophic cardiomyocytes,39 and applying mechanical stress to bone fibroblasts induces the 418 

expression of CXCL1.40 Although it is unclear if there is a common pathway for stretch-induced 419 

CXCL1 expression, the signaling pathways activated by stretch may converge. The CXCL1 promoter 420 

has binding sites for NF-kB and Sp1 that increase CXCL1 expression and STAT1 and CDP sites that 421 

decrease CXCL1 expression.41, 42 Mechanical stretch can activate integrin and Piezo channels that 422 

stimulate SP1 and possibly induce CXCL1 expression.37 The roles of these alternative pathways in 423 

hISMCs are unclear. 424 

In conclusion, our results indicate the involvement of mechanotransduction, CXCL1, and PAK1 in the 425 

development of ileus. The suppressed spontaneous intestinal contractile activity induced by gut 426 

manipulation was attenuated in the PAK1 knockout mouse model. Although inflammation likely 427 

developed in the PAK1 knockout mice, as indicated by the mast cell protease activity and edema, the 428 

upregulation of several cytokines, including CXCL1, was attenuated. We previously showed that 429 

PAK1 was induced by increased cyclical stretch and edema; therefore, we investigated the effects of 430 



23 

 

increased cyclical stretch on CXCL1 secretion. Our results show that increased cyclical stretch 431 

increased CXCL1 secretion in a PAK1 and NF-kB-dependent manner. Although pretreatment of 432 

surgical patients with a PAK1 inhibitor may prevent the development of ileus in surgical patients, the 433 

off-target toxicity of most PAK1 inhibitors precludes their use for the treatment of ileus.43 However, 434 

understanding the mechanisms for the development of ileus will help identify potential downstream 435 

targets for treating ileus, such as CXCR2 antagonists to block CXCL1 signaling.  436 

 437 
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 595 

Figure Legends 596 

Figure 1. Characterization of PAK1 knockout mice after sham surgery (SHAM) or gut manipulation 597 

(GM). A. Western blot showing the expression of PAK1 in wild-type (+/+), heterozygous (+/−), and 598 

homozygous (−/−) PAK1 knockout mice. B. Quantification of PAK1 expression 24 hours after SHAM 599 

or GM. (n = 2 per group; +, p < 0.05 and ++ p < 0.005 vs. respective wild-type; *, p < 0.05 vs. SHAM 600 

in same genotype) C. Body weights in male and female mice from the three mouse genotypes at 3 601 

months of age. (n = 6–24 per group; *, p < 0.05 vs. wild-type of same sex; +, p < 0.05 vs. female). D. 602 

Small intestinal lengths 24 hours after SHAM or GM. (n = 4 per group; *, p < 0.05 vs. SHAM in same 603 

genotype group). E. Mast cell protease levels in the peritoneal fluid 4 hours after SHAM or GM. (n = 6 604 

per group; *, p < 0.05 and ** p < 0.005 vs. SHAM in same genotype group). F. Wet-to-dry weight 605 

ratios, indicating edema development, 24 hours after SHAM or GM. (** p < 0.005 vs. SHAM in same 606 

genotype group). 607 

 608 

Figure 2. Contractile activity 24 hours after gut manipulation or sham surgery in wild-type, 609 

heterozygous, and homozygous PAK1 knockout mice. All contractile activity values reflect the 610 

averages over 4 minutes of data. A. Contractile activity, calculated as the integral (from zero). B. 611 

Contractile activity calculated as the integral from the minimum value. C. Intestinal tone, calculated as 612 

the average minimum value. D. Contraction amplitude, calculated as the average contraction cycle 613 

amplitude. E. Maximum agonist-induced contractile activity calculated as the maximum area under the 614 

curve after step-wise increased carbachol treatment from 10−9–10−4. (n = 11–12 in wild-type groups, 615 

12–13 in heterozygote groups, and 5 in homozygote groups; *, p < 0.05 vs. respective SHAM in same 616 

genotype group; +, p < 0.05 vs. wildtype in same treatment group; ǂ, p < 0.05 vs. heterozygotes in 617 

same treatment group). F. Contraction frequency. 618 

 619 
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Figure 3. Changes in inflammatory mediators in intestinal smooth muscle tissue 4 hours after gut 620 

manipulation or sham surgery in wildtype, heterozygous, and homozygous PAK1 knockout mice. A, 621 

B. The ratios of cytokines after sham surgery (laparotomy only, SHAM) versus gut manipulation 622 

(GM) were measured using cytokine arrays in wild-type and PAK1 knockout mice, respectively (n = 3 623 

per group). C–D. Changes in MCP-1, CXCL1, and IL1b levels, respectively, after sham surgery 624 

(laparotomy only, SHAM) or gut manipulation (GM) in intestinal smooth muscle tissue from wild-625 

type and PAK1 knockout mice. Cytokines were measured using ELISAs. (n = 3–11 per group; *, p < 626 

0.05 vs. SHAM). 627 

 628 

Figure 4. Changes in myosin light chain (MLC) and MYPT1 phosphorylation and muscarinic receptor 629 

levels in primary human intestinal smooth muscle cells (hISMC) after treatment with CXCL1 and 630 

subjecting cells to CCS or ECS stretching protocols for 4 hours. A–B. Representative western blots 631 

and quantification of changes in the ratio of phospho-MLC to total MLC in response to treatment with 632 

varying concentrations of CXCL1 and subjecting cells to CCS or ECS stretching protocols for 4 hours. 633 

(n = 2–7 per group; *, p < 0.05 vs. CCS; ***, p < 0.0001 vs. CCS). C–D. Representative western blots 634 

and quantification of changes in phospho-MYPT1 (P696) to total MYPT1 in primary hISMC in 635 

response to treatment with 100 ng/ml CXCL1 and subjecting cells to CCS or ECS stretching protocols 636 

for 4 hours (n = 5 per group; *, p < 0.05 vs. CCS). E–G. Representative western blots and 637 

quantification of changes in M2 and M3 muscarinic receptors in primary hISMC in response to 638 

treatment with 200 ng/ml CXCL1 and subjecting cells to CCS or ECS stretching protocols for 4 hours 639 

(n = 3 per group; *, p < 0.05 vs. CCS). 640 

 641 

Figure 5. The regulation of CXCL1 secretion from human intestinal smooth muscle cells (hISMC). A. 642 

CXCL1 secretion after subjecting hISMCs to CCS or ECS stretching protocols. (n = 6 per group; * p < 643 

0.05 vs. CCS). B–C. CXCL1 secretion in the presence or absence of the PAK1 inhibitor IPA-3 (10 644 

μM) and subjecting hISMCs to CCS or ECS. (n = 8 per group; ** p < 0.05 vs. VEH). D. NF-kB 645 
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activity in the presence or absence of IPA-3 and subjecting hISMCs to CCS or ECS. (n = 5 per group; 646 

** p < 0.05 vs. CCS/DMSO). E. CXCL1 secretion in the presence or absence of the NF-kB inhibitor 647 

IMD (1.5 μM) and subjecting cells to CCS or ECS. (n = 3 per group; * p < 0.05 vs. CCS/VEH, +, p < 648 

0.05 vs ECS/VEH). 649 

 650 

Figure 6. CXCL1 secretion in macrophages. THP1 cells were treated with PMA (100 ng/mL) for 48 h 651 

to differentiate into macrophage-like cells. A. CXCL1 secretion in the presence or absence of the 652 

PAK1 inhibitor IPA-3 (10 μM) or vehicle (VEH, 0.02% DMSO) and CCS or ECS for 4 hours. CXCL1 653 

was measured in the media. (n = 6 per group; *, p < 0.05 vs. CCS/VEH; ++, p < 0.005 vs. ECS/VEH). 654 

B. CXCL1 secretion in the presence or absence of the NF-kB inhibitor IMD 0354 (10 μM) or vehicle 655 

(VEH, 0.02% DMSO) and CCS or ECS for 4 hours. CXCL1 was measured in the media. (n = 4 per 656 

group; **, p < 0.005 vs. CCS/VEH; +, p < 0.005 vs. ECS/VEH) 657 

 658 

Figure 7. Schematic of the mechanism for decreased intestinal contractile activity after gut 659 

manipulation or surgery. Gut manipulation causes edema development, which swells the tissue, 660 

leading to increased stretch of cells in the intestinal wall, including intestinal smooth muscle cells 661 

(ISMCs) and resident macrophages. The mechanical signal leads to PAK1 activation and, 662 

subsequently, NFkB activation. NFkB activation induces CXCL1 secretion from the ISMC and 663 

macrophages (and perhaps other cell types). CXCL1 decreases MLC and MYPT1 phosphorylation 664 

levels, causing decreased intestinal contractile activity. Organ-level changes are indicated by blue 665 

boxes, cellular-level changes are indicated by a yellow box, and molecular-level changes are indicated 666 

by orange. Increases are indicated by green text, and decreases are indicated by red text.  667 

 668 
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