
Chlorinated Lipids Elicit Inflammatory Responses In Vitro and In 
Vivo

Hong Yu1, Meifang Wang1, Derek Wang1, Theodore J. Kalogeris1, Jane McHowat3,5, David 
A. Ford4,5, and Ronald J. Korthuis1,2

1Department of Medical Pharmacology and Physiology, School of Medicine, University of 
Missouri, Columbia, MO 65212

2Dalton Cardiovascular Research Center, University of Missouri, Columbia, MO 65212

3Department of Pathology, St. Louis University School of Medicine, St. Louis, MO 63104

4Department of Biochemistry and Molecular Biology, St. Louis University School of Medicine, St. 
Louis, MO 63104

5Center for Cardiovascular Research, St. Louis University School of Medicine, St. Louis, MO 
63104

Abstract

Increased endothelial cell adhesion molecule (ECAM) expression, leukocyte-endothelial cell 

adhesive interactions (LECA), platelet-endothelial cell adhesion (PECA), mast cell activation, 

production of reactive oxygen species (ROS), and microvascular permeability are hallmarks of the 

inflammatory response. The infiltration of inflammatory phagocytes is associated with 

myeloperoxidase (MPO)-dependent production of hypochlorous acid (HOCl), a reactive 

chlorinating species (RCS) that targets membrane lipids to produce halogenated lipids such as 2-

chlorohexadecanal (2-ClHDA) and 2-chloropalmitic acid (2-ClPA). Whether these chlorinated 

lipids contribute to microcirculatory dysfunction is largely unknown. Thus, the objectives of this 

study were to determine if chlorinated lipids exposure induces such inflammatory responses in an 

in vitro model employing cultured human intestinal mesenteric vascular endothelial cells 

(HIMVEC), and in an in vivo model examining responses in small intestinal and mesenteric 

postcapillary venules of naïve rats. Following the addition of either 2-ClPA or 2-ClHDA to the 

culture medium, HIMVEC displayed increased platelet and neutrophil adherence that was 

associated with elevated expression of ECAMs and increased permeability. In vivo, chlorinated 

lipid exposure significantly increased LECA, PECA, ROS production, and albumin leakage, 

inflammatory events that were associated with mast cell activation and increased tissue MPO 

activity and expression. Our data provide proof-of-principle that 2-ClPA and 2-ClHDA induce 

powerful proinflammatory responses both in vitro and in vivo, suggesting the possibility that these 

chlorinated lipid products of the MPO/H2O2/chloride system may contribute to inflammation 

noted in neutrophil-dependent, myeloperoxidase-mediated pathologic states such as ischemia/

reperfusion, hemorrhagic shock, and sepsis.
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INTRODUCTION

A diverse array of pathologic conditions, including ischemia/reperfusion, hemorrhagic 

shock, rheumatoid arthritis, sepsis, and inflammatory bowel disease, are associated with 

intense inflammatory responses in the microcirculation. These include elaboration of a wide 

variety of proinflammatory mediators, mast cell activation, marked increases in adhesion 

molecule expression and leukocyte-endothelial cell adhesive interactions (LECA), platelet-

endothelial cell adhesion (PECA), over-exuberant production of reactive oxygen species 

(ROS), and endothelial barrier disruption (1–3). Once activated, neutrophils infiltrate into 

the tissues and release a variety of oxidants and hydrolytic enzymes that can contribute to 

tissue injury. One of the granular constituents released by activated neutrophils is the green 

heme protein myeloperoxidase (MPO), an enzyme best known for its antimicrobial actions. 

MPO catalyzes the formation of the highly reactive chlorinating species (RCS) hypochlorous 

acid (HOCl) from hydrogen peroxide (H2O2) and chloride (4, 5). HOCl is cytotoxic in its 

own right but can also oxidize primary amines to form highly reactive chloramines. In 

addition, recent work has demonstrated that chlorinated lipid products such as 2-

chloropalmitaldehyde (2-ClHDA) and other related chlorinated lipids are formed in response 

to RCS attack on membrane plasmalogens in human atherosclerotic plaques, rodent 

postischemic myocardium, and in plasma from LPS or Sendai virus treated rodents (6–10).

Plasmalogens are a major phospholipid class in mammals and are present in robust 

quantities in cells of the cardiovascular system. Plasmalogens possess a vinyl ether linkage 

between the sn-1 aliphatic group and the glycerol backbone that can be targeted for 

oxidation by MPO-derived RCS, resulting in the production of 2-chloro fatty aldehydes, 

including 2-chlorohexadecanal (2-ClHDA). 2-chloro fatty aldehyde has been shown to be a 

potent chemoattractant in vitro (11) suggesting that it may amplify neutrophil recruitment to 

sites of inflammation. In addition, exogenous application of 2-ClHDA to cultured human 

brain microvascular endothelial cells or via intra-carotid perfusion in vivo increased 

permeability and disrupted the blood-brain-barrier, respectively (9, 12). Although these 

studies indicate the 2-ClHDA may serve as a chemoattractant and increase microvascular 

permeability, it is not clear whether this chlorolipid can also induce mast cell activation or 

provoke the expression of endothelial cell adhesion molecules, LECA, platelet adhesion or 

the formation of ROS in the microcirculation. In addition, 2-ClHDA promotes the 

disappearance of IκB in endothelial cells, freeing NF-κB for translocation to the nucleus, 

where it can bind to promoter regions of genes involved in ECAM expression, various 

chemokines and other proinflammatory mediators (13). Although 2-ClHDA also provokes 

the expression of COX-2 and increases production of the anti-inflammatory prostanoid, 

prostacyclin, it has been suggested that this chlorinated lipid may activate COX-2 associated 

isomerases to generate proinflammatory eicosanoids in neutrophils and monocytes (13). 
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Moreover, exposing human umbilical cord endothelial cells to low micromolar 

concentrations of 2-ClHDA (2–10 μM) or hypochorite-modified low density lipoprotein has 

been reported to decrease eNOS expression and inhibit nitric oxide production (14, 15), 

effects that should promote leukocyte-endothelial cell adhesive interactions and 

microvascular barrier disruption (16).

The aforementioned studies led us to propose the general hypothesis that in proinflammatory 

states such as sepsis or ischemia/reperfusion, leukocytes are recruited and activated by a 

variety of cytokines, chemokines, and damage associated molecular pattern molecules. As a 

consequence, activated neutrophils produce reactive oxygen species, such as hydrogen 

peroxide, which fuels the formation of hypochlorous acid by the enzymatic action of the 

neutrophilic enzyme myeloperoxidase. Hypochlorous acid can target membrane 

plasmalogens for oxidation, resulting in the production of 2-chlorolipids. We tested the 

specific postulate that 2-ClHDA, at doses measured at sites of inflammation (6, 7, 11, 12, 

17–21) would elicit elicit ECAM expression, LECA, platelet adhesion and ROS production 

as well as provoke mast cell activation, disrupt endothelial barrier function, and promote 

neutrophil accumulation in the tissues. In addition, because it is known that 2-ClHDA can be 

metabolized to 2-chlorohexadecanoic acid (or 2-chloropalmitic acid, 2-ClPA) we also sought 

to determine whether this chlorinated lipid metabolite may also exert proinflammatory 

effects in the microcirculation.

MATERIALS AND METHODS

Mesenteric endothelial cell culture

Human intestinal mesenteric vascular endothelial cells (HIMVEC, Cell Biologics, Chicago, 

IL, cat number H6055) were grown in EGM-2MV medium and maintained at 37°C in a 

humidified atmosphere of 95% O2 and 5% CO2. Cells were incubated with chlorinated 

lipids (2-ClHDA or 2-ClPA, 10 μmol/L) or non-chlorinated lipids (HDA or PA, 10 μmol/L). 

This dose was selected for study because it falls well within the range of tissue values (~20 

μM) measured following neutrophil and monocyte activation (6, 7, 11, 12, 17–21). 2-ClPA 

was synthesized and prepared as described previously using palmitic acid as precursor (22). 

2-ClHDA was prepared by treating 1-O-hexadec-1′-enyl-glycero-3-phosphocholine (100 

mg) with freshly prepared hypochlorous acid (final concentration 1.5 mM) in phosphate 

buffer (pH 4) for 5 min at 37°C (22). All other lipids were obtained from NuChek Prep 

(Elysian MN). All in vitro studies described below were repeated with at least four separate 

cell cultures.

In vitro studies in HIMVEC to examine inflammatory responses to chlorinated lipids

Leukocyte adherence to cultured endothelium—Adherence of leukocytes to 

HIMVEC was assessed as previously described (23) and as authorized by Saint Louis 

University Institutional Review Board protocol 9952. Briefly, HIMVEC were grown to 

confluence in a 12-well plate. Cells were treated with 10 μM BSA-conjugated lipids in 

growth media for 30 min. Leukocytes were isolated from healthy volunteers. Five hundred 

microliters (4 x 106 cells/mL) were subsequently added to HIMVEC and incubated for 20 

min. Unbound leukocytes were washed away with three PBS rinses. The remaining 
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leukocytes were lysed with 0.2% Triton X-100 and scraped into an Eppendorf tube. Tubes 

were briefly sonicated to ensure complete lysis of cells. To measure myeloperoxidase, 400 

μL cell lysate was transferred to a test tube containing phosphate buffer, Hank’s buffer with 

BSA, 1, 9-dimethyl-methylene blue, and 0.5% hydrogen peroxide. Samples were incubated 

for 15 min at room temperature. Sodium azide (1%) was added to stop the reaction. 

Absorbance was measured at 460 nm.

Platelet adherence to cultured endothelium—Adherence of platelets to HIMVEC 

was assessed as previously described (24) and as authorized by Saint Louis University 

Institutional Review Board protocol 12369. Briefly, HIMVEC were grown to confluence in a 

24-well plate. Cells were treated with 10 μM BSA-conjugated lipids in growth media for 30 

min. Platelets were isolated from healthy volunteers. Platelets were stained with Calcein-

AM (2.5 μmol/L) for 15 min at 37°C in the dark. Fluorescence-labeled platelets were 

subsequently added to HIMEC and incubated for 20 min at 37°C. Unbound platelets were 

washed away with three PBS rinses. The remaining platelets were lysed in lysis buffer for 10 

min, and fluorescence was measured with a plate reader (excitation at 492 nm, emission at 

535 nm).

Adhesion molecule cell surface expression—HIMVEC grown to confluence in 16-

mm culture dishes, were incubated with 10 μmol/L chlorinated lipids (2-ClHDA or 2-ClPA) 

versus non-chlorinated lipids (HDA or PA), or in media alone for time periods described 

below at 37°C in 95% O2-5% CO2, respectively. At the end of incubation, buffer was 

quickly removed, and cells were immediately fixed with ice-cold 1% paraformaldehyde and 

incubated overnight at 4°C. Cells were washed three times with phosphate-buffered saline 

(PBS) and then blocked with Tris-buffered saline-Tween supplemented with 0.8% BSA (wt/

vol) and 0.5% fish gelatin (wt/vol) for 1 h at 24°C. Appropriate primary antibody (1:50) was 

used before treatment with horseradish peroxidase-conjugated secondary antibody (1:5000). 

Subsequently, each well was incubated in the dark with the 3, 3′, 5, 5′-tetramethylbenzidine 

liquid substrate system. Reactions were stopped by the addition of sulfuric acid, and color 

development was measured with a microtiter plate spectrophotometer at 450 nm.

For these in vitro studies, endothelial cells were incubated with the lipids of interest for 

various time periods, according to the following rationale. Preformed P-selectin has been 

reported to be rapidly upregulated on the endothelial cell surface, following mobilization 

from Weibel-Palade bodies, reaching a peak within 30 min of exposure to proinflammatory 

stimuli. After declining expression of this preformed pool, a second protein synthesis-

dependent peak in P-selectin expression occurs at 4 hrs, but we did not assess expression of 

this adhesion molecule at this time. E-selectin rises over a slower time course, but detectable 

levels are present after 1 hr. ICAM-1 and VCAM-1 are constitutively expressed, but rise to a 

peak after four hrs of exposure to proinflammatory stimuli by a protein-synthesis dependent 

mechanism. Thus, assessing P-selectin, E-selectin, ICAM-1 and VCAM-1 at 30 min, 1 hr, 4 

hr and 4hr after exposure provided optimal time points for detection of putative effects of the 

chlorinated lipids on expression of these different adhesion molecules. Following these 

incubation periods, isolated leukocytes or platelets were then added to endothelial cells and 

incubated for 15–20 min, after which adhesion was assessed as described. This corresponds 
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to a similar time frame over which adhesion and other inflammatory events (oxidant 

production, venular protein leakage and mast cell degranulation) were examined in vivo (see 

below).

Resistance measurements in HIMVEC—Resistance measurements in mesenteric 

endothelial cells was performed as previously described (23, 25). HIMVEC were grown to 

confluence on Transwell inserts, and then incubated with chlorinated lipids (2-ClHDA or 2-

ClPA) versus non-chlorinated lipids (HDA or PA) (10 μmol/L) or in media alone. Changes in 

electrical resistance were measured over time using an epithelial volt ohmmeter.

Animals, surgery, and intravital microscopic examination of inflammatory responses to 
chlorinated lipids

Male Sprague-Dawley rats (250–300 g) were acquired from ENVIGO (Indianapolis, IN), 

and provided with standard rat chow ad libitum. All animal protocols were approved by the 

Institutional Animal Care and Use Committee at the University of Missouri-Columbia, and 

were conducted in accordance with the National Institutes of Health’s “Guide for the Care 

and Human Use of Laboratory Animals”. All animals were anesthetized by intraperitoneal 

injection of a mixture of ketamine (90 mg/kg body wt.) and xylazine (10 mg/kg body wt). 

Once a deep plain of anesthesia was achieved, as assessed by loss of paw pinch and corneal 

reflexes, the rats were placed on a Plexiglas animal board. Body temperature was maintained 

between 36.5–37.5°C via use of thermostatically controlled heat lamp. A right side 

laparotomy was performed and the ileocecal portion of the mesentery was exteriorized and 

draped over a glass coverslip. Mesenteries were then superfused with physiological salt 

solutions containing chlorinated lipids (2-ClHDA or 2-ClPA, 10 μmol/L,) versus non-

chlorinated lipids (HDA or PA, 10 μmol/L).

The Plexiglas animal board was then mounted on the stage of an inverted microscope 

(Eclipse TE2000; Nikon) and inflammatory events occurring in postcapillary venules and 

the surrounding mesentery were observed, typically with 20x magnification (26). 

Fluorescent images (excitation, 420–490 nm; emission 520 nm) were detected with a 

charge-coupled device (CCD) camera (Photometrics COOLSNAP ES). Images were 

projected onto a television monitor (PVM-1953 MD; Sony) and recorded on a DVD recorder 

(DMR-E50; Panasonic) or captured through Metamorph software version 7.8. A time-date 

generator (WJ810, Panasonic) displayed this function on the monitor.

Quantification of inflammatory responses in mesenteric vessels and 
surrounding tissues—In the in vivo experiments, leukocyte-endothelial cell interactions 

were measure in rat small intestine, while platelet-endothelial cell adhesion, mast cell 

activation, ROS production, and albumin extravasation were quantified in rat mesenteries 

superfused at 2 ml/min with physiologic salt solution containing PA (n=6), 2-ClPA (n=6), 

HDA (n=6), or 2-ClHDA (n=6), each at 10 μM, according to the procedures described 

below. Pilot studies revealed modest increases in leukocyte rolling and adhesion at 1 μM and 

very little response to 2-ClHDA at 100 nM. Previous work from our group has shown robust 

changes in endothelial barrier function and adhesion molecule expression induced by 100 

nM – 10 μM 2-ClHDA in pulmonary microvascular endothelial cells while human renal 
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glomerular endothelial cells manifested a less pronounced reduction in transendothelial 

resistance without any change in adhesion molecule expression when exposed to 0.1–10 μM 

2-ClPA. Thus, our results suggest that human mesenteric microvascular endothelial cells 

exhibit a sensitivity to chlorinated lipids that is intermediate between human pulmonary 

microvascular endothelial cells and human glomerular endothelial cells. Thus, lung 

endothelium is at greatest risk for 2-chlorolipid-mediated injury, followed by mesenteric 

endothelium, with renal glomerular endothelium being the least sensitive.

Leukocyte/platelet-endothelial adhesive interactions—The procedures and 

fluorescent labeling of leukocytes and platelets were similar to those used previously in our 

lab (26, 27). Briefly, carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, Molecular 

Probes, Eugene, OR) was injected through left jugular vein and the small intestine was 

scanned. At each time point, 10 single unbranched postcapillary venules (20–50 μm in 

diameter and 100 μm in length) in submucosal layer of the ileum (LECA) or mesentery 

(PECA) were observed for at least 30 seconds. Cell adhesive interactions (number of rolling 

leukocytes and number of firmly attached leukocytes) were quantified in 10 postcapillary 

venules, followed by calculation of the mean for the 10 venules. Rolling cells were defined 

to be those passing a cross line at a velocity significantly slower than the centerline velocity 

and were expressed as rolling cells per minute. Leukocytes or platelets were considered to 

be adherent if they did not move for at least 30 seconds. The numbers of adherent cells were 

normalized in terms of mm2 surface area.

Mast cell activation—Ruthenium red was mixed to BBS (0.001%) and the uptake of 

ruthenium red was used as a molecular marker of mast cell activation (28). After being 

exteriorized, mesenteries were superfused with ruthenium red in BBS for baseline 

evaluation, then with ruthenium red in chlorinated lipids or non-chlorinated lipids solutions. 

The number of activated mast cells were counted in 10 fields at each time point and 

averaged.

ROS production—In a second group of rats, the oxidant-sensitive fluorescent probe 

dihydrorhodamine 123 (DHR 123) was added to BBS (10 μmol/L) to estimate ROS 

generation in mesenteric postcapillary venular walls. In brief, DHR 123 in BBS was 

superfused over mesentery and the mesentery was scanned for the baseline assessment, then 

the perfusate was switched to one containing DHR 123 and either chlorinated lipid or non-

chlorinated lipid solutions. At each time point, 10 single unbranched postcapillary venules 

(20–50 μm in diameter and 100 μm in length) were observed and images were acquired. The 

fluorescence intensity was measured on the venular wall in 5 regions of interest (25 μm in 

diameter) (28). Since the baseline fluorescence intensity varies depending on the animal, the 

ratio of the fluorescence intensity at each time point to the baseline was calculated as DHR 

fluorescence ratio, as an indicator of redox state in mesenteric postcapillary venular walls 

(26).

Albumin leakage—FITC-labeled albumin was used to evaluate the albumin leakage 

across postcapillary venules in rat mesenteries. In brief, after left jugular vein cannulation, 

50 mg/kg of FITC-albumin was injected intravenously. After being exteriorized, mesentery 
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was superfused with BBS first, and then with chlorinated lipids or non-chlorinated lipids 

solutions. At each time point, 10 single unbranched postcapillary venules (20–50 μm in 

diameter and 100 μm in length) were selected. Images were captured, and the fluorescence 

intensity of FITC-albumin in 5 regions of interest (25 μm in diameter) within the venules 

(Iv) and in the perivenular interstitium within 10–50 μm of the venular wall (Ip) were 

measured using Metamorph software version 7.8. Albumin leakage was estimated by 

dividing Ip by Iv at each pair of corresponding circles, and the ratio of albumin leakage at a 

time point to that of the baseline was designated as the ratio of albumin leakage at that point 

(26). This method assumes that fluorescent-tagged albumin will move from the microvessel 

into the tissue space in a manner that reflects the behavior of native albumin.

Tissue MPO activity

Mucosal MPO activity was measured in biopsies obtained from rat small intestine (jejunum) 

collected at the end of superfusion period, with use of a fluorescence assay kit (Cell 

Technology, Mountain View, CA). Samples were prepared as per kit manufacturer’s 

instructions and MPO activity in the samples was quantified by adding the kit detection 

reagent and measuring the resulting fluorescence (excitation, 530 nm; emission, 590 nm) 

(29). Values were normalized to sample protein content and MPO activity was expressed as 

milliunits per milligram protein.

Immunohistochemical staining for MPO

The collected small intestine samples were fixed in 10% (w/v) PBS-buffered formaldehyde 

and embedded in paraffin. Following dewaxing, endogenous peroxidase was quenched with 

3% (v/v) hydrogen peroxide for 5 min. The slides were incubated in 5% (v/v) bovine serum 

for 20 min to block non-specific binding. Sections were then incubated with anti-MPO 

antibody (ab9535, 1:50 in PBS, Abcam) for 60 min. Samples were rinsed in wash buffer and 

incubated with detection system for 30 min. Slides were applied with DAB substrate and 

stained with Mayer’s hematoxylin for 30 seconds, then dehydrated in graded alcohol and 

xylene.

Statistical analysis

Data were analyzed using one-way ANOVA followed by post hoc analysis using Dunnett’s 

test or Newman-Keuls test. Data are means ± SEM. Differences were regarded as significant 

at P < 0.05 and highly significant at P < 0.01.

RESULTS

To determine whether exposure to 2-ClHDA or 2-ClPA would induce adherence of 

inflammatory cells to HIMVEC, we added human PMNs or platelets (2 x 106) to confluent 

HIMVEC monolayers treated with 10 μM BSA-conjugated lipids (PA; 2-ClPA; HDA; or 2-

ClHDA) in separate experiments. We observed increased adherence of PMNs and platelets 

to the endothelial monolayers after 30 min of chlorinated lipids exposure (Figure 1A, B). It 

is of interest to note that exposure to non-chlorinated PA increased platelet adherence to a 

level intermediate between control and 2-ClPA, but was without effect on PMN adhesion. 

On the other hand, non-chlorinated HDA exposure produced a modest increase in PMN 
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adhesion to HIMVEC, but had no effect on platelet adhesion. Endothelial cell surface 

expression of adhesion molecules known to be involved in inflammatory cell adherence, 

including P-selectin, E-selectin, ICAM-1 and VCAM-1, was also increased by exposure to 

the chlorinated lipids (2-ClPA, 2-ClHDA), while the non-chlorinated lipids (PA, HDA) 

exerted more modest effects relative to control (Figure 1C). Significant increases in both P-

selectin and E-selectin expression were detected when measured after 30 min and 1 hour of 

chlorinated lipids exposure, respectively, and in ICAM-1 and VCAM-1 expression after 4 

hours of exposure (Figure 1C). These observations are consistent with the hypothesis that 

chlorinated lipids induce surface expression of adhesion molecules on cultured endothelial 

cells, which is associated with their effect to enhance the adhesion of platelets and PMNs to 

HIMVEC.

Figure 1D illustrates the changes in endothelial permeability (as reflected by reductions in 

electrical resistance across HIMVEC monolayers) induced by chlorinated lipids exposure. 

We detected a significant decrease in electrical resistance in endothelial cells following 

exposure to the various lipids (PA, HDA, 2-ClPA, 2-ClHDA) compared to control, with 

much larger reductions in monolayer electrical resistance exhibited by HIMVC exposed to 

2-ClPA or 2-ClHDA compared to measurements obtained in the PA and HDA exposure 

groups, respectively (Figure 1D). The observed reductions in electrical resistance were 

detectable within 2–3 hrs exposure to 2-ClPA and 2-ClHDA, reached a nadir after 12 hrs and 

persisted at these levels over the remaining time course of the experiments. These reductions 

in electrical resistance induced by chlorinated lipids indicate that these compounds increase 

endothelial permeability, another hallmark feature of inflammation.

In our next series of experiments, we sought to extend our in vitro observations to the intact, 

blood-perfused microcirculation in vivo. In these studies, the proinflammatory effects of 

chlorinated lipids exposure were assessed in the ileal and mesenteric microvasculatures. 

Superfusion of rat small intestine with physiological salt solutions containing either 2-ClPA 

or 2-ClHDA promoted marked increases in the numbers of leukocytes rolling along 

postcapillary venular walls as well as in the numbers of firmly adherent leukocytes, while 

exposure to the non-chlorinated lipids PA and HDA were without effect on leukocyte rolling 

or adhesion (Figure 2A and 2B, respectively). In addition to these effects, 2-ClPA or 2-

ClHDA superfusion of rat mesenteries also promoted increases in the number of firmly 

adherent platelet along postcapillary venules, while exposure to the non-chlorinated lipids 

PA and HDA were without effect on platelet adhesion (Figure 3). The increases in 

leukocyte-endothelial and platelet-endothelial adhesive interactions produced by superfusion 

with chlorinated lipids were similar in magnitude to that which we have previously reported 

in response to ischemia/reperfusion (26, 27, 30, 31).

The data depicted in Figures 4 and 5 illustrate the effects of mesenteric superfusion with 

either 2-ClPA or 2-ClHDA on mast cell activation and postcapillary venular ROS 

production, respectively, compared to the responses to non-chlorinated PA and HDA. 

Quantitative analysis revealed that both 2-ClPA and 2-ClHDA elicited mast cell activation 

within 20 min of exposure and remained elevated for the remainder of the experimental 

protocol. Mesenteric superfusion with non-chlorinated PA and HDA also induced mast cell 

activation but to levels lower than that evoked by the chlorinated lipids. Superfusion with 
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these chlorinated lipids also increased DHR fluorescence in mesenteric postcapillary 

venules. On the contrary, mesenteric exposure to PA or HDA groups were without effect on 

DHR fluorescence throughout the observation period. The latter data indicate that 

chlorinated lipids increase ROS production in postcapillary venules.

To determine whether superfusion with chlorinated lipids would initiate endothelial barrier 

dysfunction in vivo, we assessed the effect of 2-ClPA or 2-ClHDA on albumin leakage in rat 

mesenteric postcapillary venules (Figure 6). Albumin leakage was increased with 

chlorinated lipids challenge, results corroborating our findings in HIMVEC monolayers. 

Albumin leakage was not detected before lipid treatment in all groups, and this situation 

persisted throughout the observation period in mesenteries superfused with PA or HDA for 

80 min.

The proinflammatory effects of chlorinated lipids shown above suggested that these RCS 

might induce significant leukocyte infiltration into the tissues. To address this, we evaluated 

the effect of the chlorinated lipids on tissue neutrophil content in a final series of 

experiments. Increased staining of the neutrophil marker MPO was detected in the 

submucosal layer of the gut wall in samples obtained after mesenteric superfusion with the 

chlorinated lipids, relative to non-chlorinated PA and HDA (Figure 7A). We also measured 

MPO activity in gut samples obtained after 80 min of superfusion with the chlorinated or 

non-chlorinated lipids, as another marker of neutrophil infiltration. Treatment with 2-ClPA 

and 2-ClHDA resulted in twofold increases in intestinal MPO activity compared with the PA 

and HDA treatments groups, respectively (Figure 7B). Taken together, the results presented 

in Figure 6 indicate that chlorinated lipids induce a marked infiltration of neutrophils into 

the jejunal wall, primarily within the submucosal layer. We also used a mucosal injury 

scoring system to evaluate the effects of mesenteric exposure to chlorinated lipids on 

enterocyte damage, but detected no enterocyte injury. This most likely relates to a dilutional 

effect to reduce the concentration of chlorinated lipids in blood draining the mesentery and 

entering submucosal vessels of the intestinal wall. In other words, we superfused the 2-

chlorolipids over the exposed mesentery and presume their concentration was reduced as 

they diffused into the bloodstream perfusing the mesenteric microcirculation, which then 

flowed into the submucosal vessels of intestinal wall. This implies that the concentration 

was sufficient to invoke modest infiltration of inflammatory phagocytes at this downstream 

site, but was insufficient to cause significant mucosal damage.

DISCUSSION

Neutrophil infiltration into the tissues is a hallmark feature of a wide variety of 

inflammatory conditions, including low blood flow states such as ischemia/reperfusion, 

hemorrhage and sepsis. Once sequestered in the tissues, these inflammatory phagocytes 

contribute to parenchymal cell injury and repair via mechanisms that are attributable to the 

formation of reactive oxygen species (ROS) and release of a variety of enzymes (1, 2). 

Myeloperoxidase (MPO) is an enzyme released from azurophilic granules of activated 

neutrophils and catalyzes chloride and hydrogen peroxide conversion to HOCl, a major 

reactive chlorinating species (RCS) produced by these inflammatory phagocytes. RCS 

contribute to neutrophil-mediated cytotoxicity by a variety of mechanisms, including 
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oxidative bleaching of protein heme and iron sulfur centers and via oxidation of primary 

amines to form chloramines, which are powerful oxidizing agents in their own right (1, 2, 

32–35). Plasmalogens are a major phospholipid found in many cells of the cardiovascular 

system (and other tissues) throughout the body. Plasmalogens are enriched in intracellular 

membrane pools including plasmalemma and lipid rafts (36–38). These phospholipids 

possess a vinyl ether bond (linking the sn-1 aliphatic group to the glycerol backbone) that is 

susceptible to oxidation by MPO-derived HOCl to produce the 2-chlorofatty aldehyde, 2-

chlorohexadecanal (2-ClHDA), which is a potent chemoattractant for neutrophils (11). With 

the demonstration that 2-ClHDA accumulates in postischemic tissues (6, 7), it has been 

proposed that this chlorinated lipid may contribute to the proinflammatory effects elicited by 

conditions such as ischemia/reperfusion, hemorrhagic shock and sepsis. Thus, the major 

purpose of this study was to determine whether this chlorinated lipids, as well as related 

chlorinated lipids, exert proinflammatory effects as proof-of-principle that HOCl generated 

by MPO/H2O2/chloride system could potentially contribute to increased endothelial cell 

adhesion molecule expression, leukocyte-endothelial cell interactions, platelet-endothelial 

cell adhesion, mast cell activation, ROS production, and microvascular barrier dysfunction 

that contribute to the pathogenesis of neutrophil-dependent inflammatory injury. To 

accomplish this aim, we compared the effects of two different chlorinated lipids, 2-ClPA and 

2-ClHDA, which have been shown to increase during neutrophil and monocyte activation (7, 

11, 18, 21), to induce these proinflammatory effects, to the non-chlorinated lipids, PA and 

HDA. We wished to determine the local and direct effects of exposure to chlorinated lipids 

in the absence of the multitude of confounding proinflammatory mediators and compromise 

in the function of multiple organs, as occurs in ischemia/reperfusion, hemorrhagic shock or 

sepsis.

In the first group of studies, we used cultured mesenteric microvascular endothelial cells as a 

model system to initially characterize proinflammatory responses to chlorinated lipids. We 

showed that both 2-ClPA and 2-ClHDA increased PMN and platelet adhesion to these cells, 

adhesive events that were associated with increased expression of the endothelial cell 

adhesion molecules P-selectin, E-selectin, ICAM-1 and VCAM-1 (Figures 1A–C). The non-

chlorinated parent lipids, PA and HDA, induced modest increases in platelet and PMN 

adhesion, respectively, as well as the expression of all four endothelial adhesion molecules. 

However, these effects were much lower than produced by the chlorinated lipids. A similar 

pattern of response was noted with regard to endothelial permeability changes, as assessed 

by changes in electrical resistance across the monolayers, which were invoked by exposure 

to the chlorinated and non-chlorinated lipids (Figure 1D). PA and HDA exposure decreased 

electrical resistance (increased permeability) by about 20% while the chlorinated lipids 

produced a reduction by almost 60%. These in vitro studies clearly established that 

chlorinated lipids are capable of inducing powerful pro-inflammatory effects in vitro and do 

so at a dose (10 μM) that is well within the range of tissue values (~20 μM) measured 

following neutrophil and monocyte activation (6, 7, 11, 18, 21).

In the next several groups of experiments, we examined the effects of local tissue exposure 

to chlorinated and non-chlorinated lipids in the intact, blood-perfused microcirculation using 

intravital microscopy. Superfusion of intestine wall with 2-ClPA or 2-ClHDA produced 

marked increases in the numbers of rolling and firmly adherent leukocytes as well as platelet 
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adhesion (Figures 2A–B and 3). These proadhesive effects were consistent with our in vitro 
observations and were similar in magnitude to the increases in rolling and adhesion that we 

and others have reported for ischemia/reperfusion (26, 27, 30, 31) and septic shock (39). 

However, in contrast to the modest proinflammatory effects of non-chlorinated lipids we 

observed in vitro, PA and HDA did not influence leukocyte or platelet adhesion in vivo. This 

apparent discrepancy is most likely due to the effects of shear stress in vivo and dilutional 

effects on the concentrations to which blood borne cells are exposed. The increases in 

leukocyte rolling and adhesion were associated with enhanced leukocyte infiltration into the 

gut wall, as reflected by increased intestinal MPO expression and activity (Figure 7).

In addition to inducing significant increases in leukocyte-endothelial cell interactions and 

platelet-endothelial cell adhesion, mesenteric superfusion with either 2-ClPA or 2-ClHDA 

caused interstitial mast cells activation (Figure 4), increased ROS production in postcapillary 

venules (Figure 5), and provoked microvascular barrier disruption within 20 min of the onset 

of exposure (Figure 6). Although not tested as part of these studies, it is tempting to 

speculate that chlorinated lipids instigate these proinflammatory responses secondary to 

their effect on mast cells. When these sentinel cells are activated, they release a wide variety 

of proinflammatory mediators that can induce leukocyte-endothelial cell adhesive 

interactions, platelet-endothelial cell adhesion and increase venular protein leakage. In 

addition, mast cells release angiotensin II, which can activate NADPH oxidases to provoke 

oxidant production. Mast cell activation is also associated with the release of chymase, an 

enzyme that produces angiotensin II and is likely the main source of this proinflammatory 

peptide at sites of tissue injury. It is important to note that in addition to potential mast cell-

dependent mechanisms, it is likely that direct effects of the chlorinated lipids on endothelial 

function also contribute, a concept supported by our in vitro data wherein 2-ClPA and 2-

ClHDA produced marked inflammatory responses in the absence of mast cells.

In the only other published work on the proinflammatory effects of chlorinated lipids, Ullen 

and coworkers (9) have presented evidence indicating that 2-ClHDA severely compromised 

the barrier function of brain microvascular endothelial cells and morphological alterations in 

tight and adherens junctions, mediated by mitogen-activated protein kinases (MAPK) 

cascade activation, extracellular signal-regulated kinases (ERK1/2) and JNK cascade. 

Subsequent work from the same group showed that 2-ClHDA induced endothelial barrier 

disruption that was associated with endothelial cell apoptosis (12), while treatment with a 

clickable alkyne analog of 2-ClHDA modified several cytoskeletal proteins associated with 

tight junction patterning, fibronectin, and proteins involved in induction of oxidative stress 

responses and regulation of intracellular redox homeostasis (40). Other in vitro work from 

our laboratory (unpublished observations) has demonstrated the 2-ClHDA provokes an 

increase in albumin permeability that is accompanied by coincident increase in endothelial 

stiffness and loss of cadherins.

Until very recently, the mechanisms by which chlorinated lipids induce ECAM expression 

and LECA have been largely unexplored. In a study just published by our group (19), we 

report significant new insight regarding how 2-chlorofatty acids induce expression of 

adhesion molecules in human coronary artery endothelial cells. Using a Click chemistry 

approach, we demonstrated that 2-chlorofatty acids localize to Weibel-Palade bodies to 
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promote release of von Willebrand factor (VWF). The release of VWF induced by 2-

chlorofatty acids was abolished by treatment with a protein kinase C inhibitor or a calcium 

chelator, and may possibly involve acidification of Weibel-Palade bodies and actomyosin II 

contracility. VWF mediates platelet adhesion to endothelium via interactions with platelet 

GPIba. Endothelial surface expression of P-selectin also follows Weibel-Palade body 

mobilization, which interacts with PSGL-1 on platelets and sialyl-LewisX on neutrophils to 

promote adhesive interactions. Thus, this recent work suggests that 2-chlorofatty acids may 

act target Weibel-Palade bodies to promote expression of VWF and P-selectin by a PKC and 

calcium-dependent mechanism.

Several other studies suggest additional mechanisms that may underlie the effects of 

chlorolipids to promote adhesion molecule expression. For example, in another study just 

published by our group (20), we showed that 2-chlorofatty acids promote the release of 

another Weibel-Palade body resident molecule, angiopoietin-2. Others have shown that 

angiopoietin-2 promotes leukocyte adhesion by a β2-integrin/ICAM-1-dependent 

mechanism (41), suggesting that this growth factor may contribute to 2-chlorolipid-induced 

ECAM expression. Work conducted by other suggests that 2-chlorofatty acids inhibit eNOS 

signaling, thereby decreasing the bioavailability of nitric oxide (14, 15), a gaseous signaling 

molecule that normally acts to suppress adhesion molecule expression (24). It is likely that 

2-chlorolipid-induced ROS production (Figure 5) contributes to this reduction in 

bioavailable NO and thus adhesion molecule expression. In addition to these mechanisms, 

the effect of 2-chlorolipids to promote mast cell degranulation (Figure 4) may play a role, as 

these cells have been shown to release a variety of proadhesive molecules that promote 

adhesion molecule expression. 2-ClHDA promotes the disappearance of IκB in endothelial 

cells, freeing NF-κB for translocation to the nucleus, where it binds to promoter regions of 

genes involved in ECAM expression, various chemokines and other proinflammatory 

mediators (13). Clearly, much additional work will be required to directly address these 

postulated mechanisms.

In summary, the results of this study indicate that chlorinated lipids induce a number of 

inflammatory responses in rat mesentery, including increased leukocyte-endothelial cell 

interactions, platelet-endothelial cell adhesion, and neutrophil infiltration into the tissues, 

mast cell activation, ROS production and disrupted endothelial barrier function. On the 

contrary, non-chlorinated lipids did not produce these responses in vivo. Similar 

proinflammatory responses were noted in response to chlorinated lipids in a cultured 

mesenteric microvascular endothelial cell model in vitro. Although much addition work will 

be required to elucidate the mechanisms underlying these inflammatory responses, our work 

provides proof-of-principle that chlorinated lipids that are generated by MPO/H2O2/chloride 

system in response to ischemia/reperfusion and sepsis could potentially contribute to the 

proinflammatory responses that occur in these neutrophil-dependent inflammatory 

conditions.
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Figure 1. 
Increased PMN (Panel A) and platelet (Panel B) adherence to human intestinal mesenteric 

vascular endothelial cells (HIMVEC) occurred in response to incubation with the 

chlorinated lipids, 2-ClPA or 2-ClHDA (10 μmol/L), and the non-chlorinated lipids, PA or 

HDA, respectively (n=6 in each group). Panel C illustrates cell surface expression of 

adhesion molecules in HIMVEC exposure to these chlorinated and non-chlorinated lipids. 

Adhesion molecule cell surface expression was measured at indicated times of incubation: 

P-selectin (30 min), E-selectin (1 hr), ICAM-1 (4 hrs) and VCAM-1 (4hrs) (n=8). Panel D 

shows the changes in electrical resistance of HIMVEC measured over 24 hr exposure to 

chlorinated or non-chlorinated lipids (n=8 in each group). *P<0.05 and **P<0.01 when 

compared to control; $P<0.05 and $$P<0.01 between 2-ClPA and PA, 2-ClHDA and HDA 

groups at indicated time point.
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Figure 2. 
Chlorinated lipids promote leukocyte rolling and adhesion in vivo. The number of leukocyte 

rolling per mm2 per minute were increased by superfusion of small intestine with 2-ClPA 

and 2-ClHDA but not PA and HDA (Panel A). The number of firmly adherent leukocytes per 

mm2 venular surface were also increased in response to chlorinated lipids superfusion, while 

topical application of the non-chlorinated lipids over the small intestine was without effect 

(Panel B). For each group, n=6; and at each time point for every animal, responses in 10 

postcapillary venules from intestine wall were measured and averaged. **P<0.01 when 

compared to baseline.

Yu et al. Page 17

Shock. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Chlorinated lipids increase platelet adhesion in vivo. The number of firmly adherent platelets 

per mm2 venular surface were increased by superfusion of mesenteries with 2-ClPA and 2-

ClHDA but not PA and HDA. For each group, n=6; and at each time point for every animal, 

responses in 10 postcapillary venules in jejunal submucosa were measured and averaged. 

*P<0.05 and **P<0.01 when compared to baseline.
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Figure 4. 
Chlorinated lipids induce mast cell activation in vivo. For each group, n=6; and at each time 

point for every animal, mast cell activation was quantified in 10 fields (20x) surrounding 

mesenteric venules and averaged. *P<0.05 and **P<0.01 when compared to baseline; 
$P<0.05 between 2-ClPA and PA, 2-ClHDA and HDA groups at indicated time point.
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Figure 5. 
Mesenteric superfusion with chlorinated lipids increased ROS production in postcapillary 

venules, as assessed by DHR fluorescence. For each group (n=6), at each time point for 

every animal, 10 mesenteric venules were randomly chosen and 5 regions of interest (25 um 

in diameter) along venule wall were measured, averaged and presented relative to baseline 

(just prior to lipid superfusion). *P<0.05 and **P<0.01 when compared to baseline, $P<0.05 

between 2-ClPA and PA, 2-ClHDA and HDA groups at indicated time point.
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Figure 6. 
Chlorinated lipids elicit albumin leakage across single postcapillary venules of rat 

mesentery. For each group (n=6), at each time point for every animal, 10 mesenteric venules 

were randomly chosen and 5 regions of interest (r=12.5 mm) along venule wall were 

measured. *P<0.05 and **P<0.01 when compared to baseline.
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Figure 7. 
The effect of mesenteric superfusion with chlorinated (compared to non-chlorinated) lipids 

increase MPO expression in jejunal submucosa, as assessed by immunohistochemistry 

(Panel A). Panel B depicts MPO activity values in jejunal samples obtained 80 min after 

superfusion of the mesentery supplying the same region of jejunum with chlorinated or non-

chlorinated lipids. The measurements were repeated three times and mean values were 

normalized for sample protein content (n=6). *P<0.05 and **P<0.01 between 2-ClPA and 

PA, 2-ClHDA and HDA groups.
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