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Abstract

Sustained high levels of activated polymorphonuclear leukocytes (PMNs) and PMN-derived
proteases in the microenvironment of chronic venous leg ulcers (CVLUs) are linked to

chronic inflammation and delayed healing. Uncontrolled PMN activity eventually destroys newly
developed tissue and degrades critical growth factors. The bioactive components of fish oil

(n-3 eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]) have strong inflammation-
resolving actions and have been shown to assuage PMN activity, but have not been tested in
CVLU patients. This randomized controlled study compared the effectiveness of oral EPA + DHA
therapy to a placebo for reducing PMN activation in CVLU microenvironments. At Days 0, 28,
and 56, markers of PMNs (CD15) and activated PMNs (CD66b), and levels of PMN-derived
proteases human neutrophil elastase and matrix metalloproteinase-8 were measured in CVLU fluid
from patients receiving standard compression therapy and (1) EPA + DHA therapy (1= 16) or

(2) placebo (n=19). By Day 56, the EPA + DHA Group had a significantly lower percentage of
CD66b+ cells in CVLU fluid compared to Day 0 (p=0.02) and to Day 28 (p= 0.05). Importantly,
there were downward trends in levels of both matrix metalloproteinase-8 and human neutrophil
elastase over time in the EPA + DHA Group, which also demonstrated greater reductions in wound
area by Day 28 (57% reduction) and Day 56 (76% reduction) than the Control Group (35% and
59%, respectively). Moreover, reductions in wound area had significant negative relationships with
CD15+ cells in wound fluid at Days 28 (p=0.008) and 56 (p < 0.001), and CD66b+ cells at Days
28 (p=0.04) and 56 (p=0.009). The collective findings provide supplemental evidence that high
levels of activated PMNs in CVLU microenvironments inhibit healing, and suggest that EPA +
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DHA oral therapy may modulate PMN activity and facilitate healing of CVLUs when added to
standard care regimens.

Chronic venous leg ulcers (CVLU) are common, costly conditions in the aging population
that have high recidivism rates and cause considerable morbidity.1:2 In the US alone, the
average annual incidence of venous leg ulcers in individuals aged 65+ is 2.2% with payer
burden at nearly $15 billion, excluding out-of-pocket payments or other indirect costs such
as lost productivity.! Additionally, the incidence of CVLUs is increasing dramatically due to
their association with obesity and aging.3-> CV/LUs are very distressing for patients because
of pain, reduced mobility, social isolation, and high health care costs related to protracted
treatments that collectively reduce quality of life.6 Current strategies for treating CVLUs
generally involve locally applied therapies such as compression (the gold standard), oxygen
therapy, growth factors, and various dressing types that are often ineffective or result in

only short-term recovery.2.” Novel adjuvant therapies aimed at the underlying etiology of
CVLUs are greatly needed to improve healing outcomes and prevent recurrence of these
recalcitrant wounds. The purpose of this study was to test the effectiveness of a low-risk,
low-cost oral therapy containing the bioactive components of fish oil (eicosapentaenoic acid
[EPA] and docosahexaenoic acid [DHA]) to reduce numbers of activated polymorphonuclear
leukocytes (PMNs) and PMN-derived proteases in the microenvironment of CVLUs
associated with chronic inflammation and delayed healing.8:°

The pathogenesis of CVVLUs involves venous hypertension and high numbers of activated
PMNSs in the wound microenvironment that foster unremitting inflammation.1%-12 Sustained
levels of activated PMNs lead to excessive quantities of PMN-derived proteases such as
human neutrophil elastase (HNE) and matrix metalloproteinase-8 (MMP-8) that ultimately
destroy growth factors, receptors and the extracellular matrix that are essential for wound
healing.10-13 Therefore, reducing prolonged, excessive PMN activity at CVLU sites may
facilitate healing progression. Studies involving cell cultures and animal models demonstrate
that EPA + DHA are metabolized to lipid mediators (e.g., eicosanoids, resolvins) that inhibit
PMN migration to inflamed sites and reduce cell synthesis and secretion of proinflammatory
cytokines that are involved in recruiting and activating PMNs.1415 Human studies report
decreases in the chemotactic responsiveness of PMNs from whole blood after just 4 weeks
of EPA + DHA supplementation in healthy subjects.16:17 Additionally, our early pilot

work provides evidence that oral supplementation with EPA + DHA can push an EPA +
DHA lipid mediator profile in acute human wound microenvironments that is associated
with decreased levels of myeloperoxidase, a biomarker of PMN activity.18 Nevertheless,

no studies have investigated the effects of EPA + DHA therapy on the elevated levels

of activated PMNs and PMN-derived proteases typically found in the microenvironment

of CVLU:s linked to chronic inflammation and slow healing. For the current study, we
hypothesized that boosting systemic levels of EPA + DHA in blood plasma using an oral
supplement would aid healing by reducing PMN activation locally in CVLU wound fluid
that “traps” the wound in a chronic inflammatory state.

The primary aim of this randomized, double-blind, controlled study was to assess the
effectiveness of EPA + DHA oral supplementation vs. placebo in terms of reductions in
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numbers of PMNSs and activated PMNs in blood and wound fluid, and levels of PMN-
derived MMP-8 and HNE in wound fluid over time in patients with CVLUs. The impact of
treatment vs. placebo on reduction in wound area was also evaluated.

MATERIALS AND METHODS

This prospective randomized double-blind controlled study was conducted at the Clinical
Research Center (CRC) associated with a large Midwest University Medical Center between
August 2012 and July 2015 after approval by the institutional review board and according to
the 1975 Declaration of Helsinki Principles. Written informed consent was obtained from all
participants prior to beginning the study.

A total of 40 participants were recruited over a period of 24 months from a pool of patients
scheduled to begin receiving CVLU treatment with a silver-coated dressing beneath a four-
layer compression dressing at the University-affiliated Comprehensive Wound Centers. Men
and women between 18 and 81 years of age having at least one existing CVLU between

the ankle and knee for = 3 months and (1) prescribed compression therapy, (2) an ankle
brachial pressure index of = 0.8, (3) a target wound of at least 5 cm? were eligible to
participate in the study. Excluded were patients (1) allergic to fish or seafood, (2) having
immunological related conditions or chronic inflammatory skin diseases, (3) receiving blood
thinning therapy or corticosteroids, or (4) required to take anti-inflammatory drugs such

as corticosteroids or ibuprofen more than twice a week. Study participants were randomly
assigned to treatment with EPA + DHA supplementation (EPA + DHA Group) or placebo
(Control Group) on Day 0 using a computer-generated table of random numbers after
eligibility screening, informed consent, and enroliment to the study. The primary efficacy
variables were reductions in activated PMN counts in blood plasma and CVLU fluid,
reductions in levels of MMP-8 and HNE in CVLU fluid, and percent reduction in wound
area on Day 28 and Day 56 compared to Day 0.

Participants in the EPA + DHA Group consumed five opaque EPA + DHA softgels each day
of the study which provided a total of 2.5 g EPA and 0.5 g DHA. The US Federal Drug
Administration evaluated the safety of EPA and DHA and concluded that a daily intake of up
to 3.0 g/day is acceptable for the general public.1® A similar EPA + DHA dose significantly
increased plasma levels in healthy human subjects after 4 weeks in our pilot work,2% and
significantly reduced ex vivo proinflammatory cytokine production after 4 weeks.?1

Participants in the Control Group consumed five opaque placebo softgels each day of the
study which provided a total daily intake of 2.5 mL of mineral oil, which is well below the
therapeutic dose of 10 mL for constipation. Mineral oil is chemically inert and on ingestion
the majority (98%) remains unabsorbed in the feces. The same daily mineral oil dose has
been used as the placebo in previous studies with no adverse events being reported.18:20 Al|
softgels were identical in appearance, lemon-flavored to reduce the risk of “fish burps,” and
compounded and packaged in like containers by J.R. Carlson Laboratories, Inc. (Arlington
Heights, IL).
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All participants also consumed 1 aspirin (ASA) tablet each day which provided a total daily
intake of 81 mg. ASA enhances the action of the EPA-derived resolvin species reported to
be particularly effective in reducing PMN recruitment to inflamed tissue sites.22 A general
summary of the study design is presented in Figure 1.

All participants in both groups were studied at 0, 28, and 56 days at the CRC. On Day 0
(baseline), participants completed an electronic health and lifestyle questionnaire wherein
they self-reported sociodemographic data. They also reported the estimated age of their leg
wounds. Blood and CVLU fluid were collected and the leg ulcer area yet to be healed

was measured using a single digital camera photogrammetry (SCP) system. Verbal and
written instructions were given to all participants to maintain their usual diets, but to exclude
fish, seafood, algae, kelp, and other nutritional supplements containing fish oil until study
completion to help isolate the EPA + DHA treatment effect. Participants were instructed

to refrain from using anti-inflammatory drugs during the study interval if possible, other
than the 81 mg/day of ASA. All participants received a pill bottle containing the subsequent
month’s supply of softgels and one containing the subsequent month’s supply of ASA. They
were instructed to store the softgels in the refrigerator and to take 5 softgels and 1 ASA
tablet every day with their evening meal to reduce the incidence of “fish burps” and to
encourage compliance. Participants began taking the softgels at the end of enrollment day
(Visit 1—Day 0) and were instructed to bring empty bottles to Visit 2 (28 days later). At
Visit 2, blood and wound fluid samples were collected, and wounds were measured. Pill
bottles were collected to evaluate compliance and new bottles containing the subsequent
month’s supply of softgels and ASA were provided. At Visit 3 (56 days after Visit 1),
samples of blood and wound fluid were collected, pill bottles were collected and final
wound measurements were obtained. Weekly phone calls were made to participants to assess
for any treatmentrelated side effects.

Wound fluid was collected using a standard collection technique that has been used
successfully in previous studies.23 Briefly, the CVLU was washed with sterile water, patted
dry with sterile gauze, covered with a transparent occlusive film (Opsite, Smith & Nephew,
London, United Kingdom) and wrapped with roll gauze. The participant’s leg was placed in
a dependent position. Fluid that accumulated beneath the occlusive film was aspirated after
1-1% hours with a 26G x 0.5” needle and syringe (Terumo Medical, Somerset, NJ) and
transferred into plain collection tubes.

Measurements

Polymorphonuclear leukocytes—Differential counts and fluorescence-activated cell
sorting of PMNs were accomplished by assessing aliquots of cells obtained from blood

and CVLU fluid for total and differential leukocyte counts via light microscopy to identify
individual cell types (i.e., neutrophil, monocyte, etc.). Blood and wound fluid samples were
transported in plain collection tubes in a Styrofoam cooler within 30 minutes of collection
to the laboratory where the analyses were completed. Cells and fluid were separated via
centrifugation. Cells were fixed and analyzed using flow cytometry. Fluid was aliquoted in
200 pL portions then frozen and stored at —80 °C until further analysis. For flow cytometry
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analysis, cells were stained with CD45-FITC to gate for all leukocytes. In the total gated
(CD45+) leukocyte population, PMNs can be easily distinguished in a forward scatter/side
scatter plot. A dual staining approach using PE conjugated antibodies was also used to
identify specific cell types: CD15 for human PMNs, CD14 for human monocytes. Activated
PMNs were detected using CD66b.

Matrix metalloproteinase-8—MMP-8 is a PMN-specific protease that was measured as
a biomarker of PMN activation in the CVLU fluid using the MMP-8, neutrophil collagenase,
Biotrak enzyme-linked immunosorbent assay (ELISA) kit (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ). Standards, blanks, and samples (1.0 ug of wound fluid extracts

or biopsy lysates in triplicate) were incubated in the microplate wells, precoated with
anti-MMP-8 antibody, for 2 hours at 25 °C. Wells were washed and a peroxidase-labeled
FAB’ antibody to MMP-8 were added. After further incubation and washing, the 3,3",5,5"-
Tetramethylbenzidine (TMB) substrate was added to the wells and the plate was incubated
for 30 minutes at 25 °C. The reaction was stopped and a standard curve was generated by
plotting the optical density against a purified MMP-8 standard.

Human neutrophil elastase—HNE, another PMN-specific protease, was measured as a
biomarker of PMN activation in the CVLU fluid using the InnoZyme Human Neutrophil
Elastase Immunocapture Activity Assay Kit (Calbiochem, EMD Biosciences Inc., San
Diego, CA). The assay uses a monoclonal antibody on a 96-well plate to specifically bind
HNE.

Polyunsaturated fatty acids—~Plasma polyunsaturated fatty acids (PUFAS) were
analyzed by the well-established gas chromatography/mass spectrometry (GC/MS) method.
Lipids were extracted from plasma samples with 2:1 (v/v) chloroform:methanol and 0.24
mL 0.88% KCL.2425 Fatty acid methyl esters were prepared using tetramethylguanidine

at 100 °C. Fatty acid methyl esters were analyzed by GS using a 30-m Omegawax™ 320
(Sigma-Aldrich, St. Louis, MO) capillary column. Oven temperature was started at 175 °C
and increased at a rate of 3 °C/minute until reaching 220 °C. Flow rate of the carrier gas
helium was 30 mL/minute. Retention times were compared to standards for fatty acid methyl
esters (Sigma-Aldrich, and Matreya, LLC, Pleasant Gap, PA). The resultant values were
expressed as % composition. This is routinely done to express fatty acid values and widely
accepted in the field.24:25

Macroscopic analysis of wound healing—CVLU healing was quantified for all
participants at each of the study’s three time points by the PI using Wound Zoom, a

SCP system.26 Wound Zoom is a noncontact wound documentation system that uses a
handheld imaging device with projected laser dots alongside a camera sensor to acquire

a two-dimensional image with depth and skew correction. It provides precise objective
information on wound size, shape, outline, area, color, and surrounding tissue changes. In
this study, the PI captured each wound image and outlined the epithelial margins with the
cursor. The system then calculated the exact area, length, and width using laser projections
and advanced algorithms to correct for distance and skew. The Wound Zoom’s Analysis
Software allowed the team to manage wound records, track wound healing, adjust reports,
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create measurements, and manage the data on the Wound Zoom Camera. Developed at
Georgia Tech by Dr. Stephen Sprigle, Wound Zoom has been rigorously tested for accuracy,
reliability, and repeatability.26:27 The percent reduction in wound area at Days 28 and 56
compared to Day 0 was calculated for each participant and then averages were calculated for
each group. A larger percentage indicates greater healing.

Statistical analysis—As this study was a pilot study, formal statistical power calculations
were not made for all measures and tests of interest. The primary limitation for performing
power calculations was the lack of available information on what would constitute a
clinically significant effect size for the measures of interest. Instead of identifying sample
sizes a priori, we recruited as many subjects as possible during the first 24 months of the
study and obtained 20 subjects in each of the (EPA + DHA and Control) groups. This
sample size provided 80% power to detect an effect size of 0.6 at an alpha level of 0.05.
Based on a previous study conducted by the PI, a significant effect of EPA + DHA on wound
area for an acute wound was detected after only 5 days with only six subjects in each of

two (EPA + DHA and Control) groups.18 In that study, the effect size was 1.36. Based on
this effect size obtained over a short period, we believed a detectable effect size of 0.6 could
reasonably be exceeded for most measures in the current study.

Categorical variables are reported as frequencies and percentages, and continuous variables
as means and standard deviations (SD). For the dependent variables of PMN counts, MMP-8
and HNE levels and percent reduction in wound area, a linear censored data model was
constructed. Treatment group was used as the independent variable and each response was
classified as being either observed or interval censored (for values that fell between zero and
the limit of detection). 7-tests evaluated between-group comparisons of sociodemographic
data (age, BMI) at baseline, and levels of PUFAs, PMNs, MMP-8, HNE, and percent
reduction in wound area at Days 0, 28, and 56. Paired £tests assessed within-group
comparisons of levels of PUFAs, PMNs, MMP-8, HNE, and percent reduction in wound
area at Days 28 and 56 compared to Day 0 and at Day 56 compared to Day 28. IBM’s
Statistical Package for the Social Sciences version 21.0 for Windows was used for the data
analysis (SPSS, Chicago, IL). Significance levels were set a priori at a = 0.05.

Sociodemographic and wound characteristics

Data describing the sociodemographic characteristics of the study participants and the
wound attributes at Day 0 (baseline) are displayed in Table 1. There were no statistically
significant differences in characteristics between the two groups.

Plasma PUFA levels

The within-group analyses of the EPA + DHA Group showed that plasma PUFA levels were

significantly higher for EPA at Day 28 (= 5.9, p< 0.001) and at Day 56 (= 7.6, p < 0.001)

relative to Day 0 (baseline) (Table 2). Similarly, DHA levels were significantly higher at Day
28 (t=5.3, p<0.001) and Day 56 (¢= 6.8, p< 0.001) when compared to Day 0. Conversely,
levels of the n-6 PUFA arachidonic acid (AA) were significantly lower at 28 (1= 2.9, p=
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0.01) and 56 days (¢= 3.4, p< 0.001) than at baseline, as was the AA:EPA ratio (Day 28: ¢
=4.8, p<0.001; Day 56: t= 7.1, p< 0.001), suggesting that the EPA study dose resulted in
significantly increased proportions of EPA in the plasma that occurred partly at the expense
of AA. No statistically significant changes in levels of EPA, DHA, AA, or AA:EPA ratios
were detected within the Control Group at Day 28 or Day 56 relative to Day 0.

As expected, the between-group comparisons showed that at Day 28 post enrollment, the
EPA + DHA Group demonstrated significantly higher plasma levels of EPA (£=5.9, p<
0.001) and DHA (¢= 5.6, p< 0.001), and significantly lower ratios of AA:EPA (f=5.4, p

< 0.001) than there Control Group (Table 2). The same pattern was noted when comparing
levels of EPA (= 8.0, p<0.001), DHA (¢=6.1, p<0.001), and ratios of AA:EPA (¢=5.8, p
< 0.001) between the two groups at Day 56 post enrollment.

Polymorphonuclear leukocytes

The within-group analysis of the EPA + DHA Group indicated a significantly lower
percentage of CD15+ cells (PMNSs) in both the blood at Day 56 (p = 0.05, Table 3) and

in the wound fluid at Day 56 when compared to Day 0 (p= 0.04). Similarly, there was a
significantly lower percentage of CD66b+ cells (activated PMNs) in the wound fluid at Day
56 compared to Day 0 (p= 0.02) and at Day 56 compared to Day 28 (p = 0.05). There was
also a significant reduction in the ratio of CD66b+/CD15+ cells in the wound fluid at Day
56 compared to Day 0 (p= 0.01) and a lower ratio at Day 56 compared to Day 28 (o= 0.06,
Table 3).

The within-group analysis of the Control Group detected no significant difference in
percentage of CD15+ cells in the blood between any time points, but the mean percentage

of CD15+ cells in wound fluid at Day 28 and Day 56 were significantly lower vs. Day 0
(p=0.004, p=0.03, respectively, Table 3). However, in terms of the percentage of CD66B+
cells in the blood or wound fluid, no significant differences emerged between any of the
time points. Finally, the ratio CD66b+/CD15+ cells in the blood actually increased from Day
0 to Day 28, however, in wound fluid, this ratio was significantly lower at Day 56 when
compared to Day 0 (p=0.03).

The between-group comparisons detected no significant differences in percentage of CD15+
cells, CD66b+ cells, or CD66b+/CD15+ cells in the blood or wound fluid between the two
groups at Days 0, 28, or 56. However, the reductions in percentage of CD66b+ cells and in
the ratio of CD66b+/CD15+ cells in the wound fluid that occurred by Day 56 compared to
Day 0 were much more striking in the EPA + DHA Group when compared to the Control
Group.

MMP-8 and HNE

Although the between-group analyses of levels of MMP-8 and HNE measured in wound
fluid at Days 0, 28, and 56 detected no statistically significant differences at the study time
points, the Cohen’s effect size values for MMP-8 at Day 56 (¢= 0.63) and HNE at Day 56
(d=0.80) indicate a medium to large treatment effect that may be clinically meaningful.
Additionally, a downward trend in MMP-8 levels emerged within the EPA + DHA Group
over the study interval after two participant outliers were removed from the analysis (Figure
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2A). MMP-8 levels at Day 56 before removing the two outliers: M= 27.02, SD = 74.22;
MMP-8 levels at Day 56 after removing the two outliers: A/ =2.98, SD = 4.14. A similar
downward trend was also noted in HNE levels in the EPA + DHA Group (Figure 2B).

Wound healing

The within-group analysis of wound healing in the EPA + DHA Group detected a significant
increase in percent reduction in wound area at Day 28 compared to Day 0 (= 6.304, p<
0.001), at Day 56 compared to Day 0 (#=9.228, p< 0.001) and at Day 56 compared to

Day 28 (¢=2.951, p=0.01). A similar pattern emerged in the Control Group; a significant
increase in percent reduction of wound area at Day 28 compared to Day 0 (= 4.005, p=
0.001), at Day 56 compared to Day 0 (#=7.032, p< 0.001) and at Day 56 vs. Day 28 (¢=
2.858, p=0.01).

Between-group analyses indicated that the mean percent reduction in wound area was
greater at both Days 28 and 56 for the EPA + DHA Group. Although the group differences
were not significant relative to the standard alpha level of 0.05 (p= 0.09 at 28 days; p=0.17
at 56 days), the Cohen’s effect size values (¢= 0.60 at 28 days and &= 0.50 at 56 days)
suggest a medium practical significance (Figure 3).

Spearman’s rho correlation analyses assessed relationships among percent reductions in
wound area at Days 28 and 56 and select PUFAs in plasma, and PMN markers, MMP-8 and
HNE in wound fluid for the group as a whole. As expected, there were significant negative
relationships between healing and several of the PMN markers and MMP-8, and positive
relationships between healing and EPA, DHA, and total n-3 PUFAs (Table S1).

DISCUSSION

Persistent high levels of activated PMNs and PMN-derived proteases in the
microenvironment of CVLUs contribute to the unremitting inflammation that prevents the
move to subsequent healing stages.28-30 The findings from this randomized clinical study
suggest that EPA + DHA oral therapy, as an adjuvant to compression therapy and standard
wound management, may reduce PMN activation in the microenvironment of CVLUs and
have a favorable effect on wound healing after just 4 weeks of therapy. This is the first
study, to our knowledge, designed to answer specific questions about the utility of oral EPA
+ DHA therapy for the management of CVLUs. New therapeutic approaches are needed
because the incidence of CVLUs is rising and many patients are not candidates for or opt
not to undergo invasive surgical procedures to correct the venous incompetence usually
involved in the development of CVLUs.8 Moreover, compression therapy (the gold standard
of CVLU care) alone does not result in complete healing of these frequently recurring
wounds for many people.® Although the findings from this study should be interpreted

with caution, given the small sample size, they suggest that EPA + DHA therapy may be
effective as a low-risk systemic addition to conventional therapy for patients with elevated
levels of activated PMNs and PMN-derived proteases in the CVLU fluid to improve healing
outcomes.
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The health benefits of diets high in EPA and DHA have been noted since the early
studies of Greenland Eskimos who were found to consume relatively large quantities of
fatty fish, a primary source of EPA and DHA, and have low rates of cardiovascular
disease and diabetes, conditions with inflammatory components.3! Since then, numerous
studies have shown that EPA and DHA are precursors to many lipid mediators (e.g.,
eicosanoids and resolvins) that have potent anti-inflammatory and inflammation-resolving
actions, such as inhibiting PMN recruitment and migration into inflammatory sites and
amplifying macrophage phagocytosis.32:33 For example, in vivo experiments by Dalli et
al.3% indicated that DHA-derived resolvin D3 reduces PMN transmigration by 45% in a
murine model of peritonitis after zymosam challenge. Other studies have shown that EPA
+ DHA slow chemotaxis of PMNs by reducing expression or antagonism of receptors

for chemoattractants3® and by down-regulating the gene expression of proinflammatory
cytokines that signal PMN activation.36:37

Although the dose-specific effects of EPA + DHA supplementation in humans are not
entirely known, an intake greater than 2 g/day seems to be needed to induce anti-
inflammatory actions.3® Our data show that oral supplementation with 2.5 g/day of EPA
and 0.5 g/day of DHA results in a significant rise in the mean EPA and DHA plasma levels
and a significant decrease in the mean AA to EPA ratio after just 4 week of therapy, with
even greater changes occurring after 8 weeks of therapy. These data are in line with previous
human studies indicating that EPA + DHA levels rise relatively quickly (1-4 weeks) with
oral supplementation, and reduce high AA to EPA ratios in both plasma and membranes of
cells such as neutrophils.18:38 For example, Sorensen et al.39 reported that after only 7 days
of EPA + DHA therapy (3 g/day), there were threefold increases in the percentage of EPA
and 22% increases in DHA in PMN membranes that occurred at the expense of AA.

While data from the current study do not show significant differences in levels of activated
PMNs in the blood between the two groups, the ratio of activated PMNs to total PMNs
declined after 4 weeks of therapy in the EPA + DHA Group, and then declined even

more after 8 weeks of therapy. These findings are important because studies have reported
increased PMN degranulation in the blood in all clinical stages of venous disease evident
by ELISA testing for plasma neutrophil elastase 041 and lactoferrin.? We also report that
the EPA + DHA Group had significantly fewer activated PMNs in the wound fluid collected
from CVLUs after 4 weeks and 8 weeks of therapy compared to baseline, and significantly
fewer activated PMNs by 8 weeks when compared to 4 weeks. Further, there is a significant
reduction in the ratio of activated PMNSs to total PMNSs in wound fluid after 8 weeks of
EPA + DHA therapy compared to baseline, suggesting that 8 weeks of therapy is more
effective than four in terms of reducing PMN activation in CVLU microenvironments. These
collective findings are in line with previous in vitro and in vivo studies demonstrating that
various EPA and DHA metabolites reduce PMN activation by inhibiting recruitment and
accumulation during inflammatory responses.39:42

As hypothesized, the study analyses also show declining trends in levels of PMN-derived
MMP-8 and HNE in CVLU fluid over the study interval in the EPA + DHA Group, which
correspond to the significant reduction of activated PMNs (CD66+) noted in the wound
fluid of this group. In contrast, the high levels of MMP-8 and HNE at Day 56 in the
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Control Group likely reflect the nonhealing nature of the majority of wounds in this group.
Taken together these observations suggest that EPA + DHA therapy attenuates inflammation
resulting in reduced PMN activation and MMP-8 and HNE production. These findings are
important because previous studies have reported high levels and expression of MMP-8 and
HNE in fluid and tissues biopsied from CVLUs,*3-45 significantly higher levels of MMPs
and HNE in chronic wounds compared with healing wounds,2%46:47 and stronger expression
in chronic wounds than in acute wounds,?8:29.47-49 indicating that sustained high levels of
MMPs and HNE are factors in healing delays.

Finally, when comparing wound healing within and between groups, our data indicate
significant CVLU healing after 4 weeks of EPA + DHA therapy and significantly more
healing after 8 weeks of therapy compared to 4 weeks, indicating that EPA + DHA therapy
may be needed for at least 8 weeks to achieve maximum healing effects. Although a similar
healing pattern is noted for the Control Group, there is a more striking increase in percent
reduction of wound area at both time points for the EPA + DHA Group. However, given
the nonsignificant differences in healing between the groups it is important to consider that
the greater reductions in wound area noted in the EPA + DHA group may have been due to
chance or some other factor.

There are currently two systemic agents, pentoxifylline and micronized purified flavanoid
fraction (MPFF),0 included in the Wound Healing Society’s Guidelines for the Treatment
of Venous Ulcers (Level | evidence)®! that have inhibitory effects on PMN activation.
Pentoxifylline is thought to slow PMN infiltration into wound sites by reducing leukocyte
adhesion to the vascular endothelium.5%:51 However, there are potential side effects with
pentoxifylline (e.g., nausea, headaches), and it is contraindicated in patients with some
comorbidities such as angina, or marked liver and kidney disease.>2 Although no side effects
are associated with MPFF (Daflon), it may only be beneficial after 8 weeks of therapy for
larger ulcers (5-10 cm?) that have been present for at least 6 months.?? Given that data

from the current study indicate (1) EPA + DHA therapy works relatively quickly in terms of
raising EPA + DHA plasma levels, (2) there are significantly lower levels of activated PMNs
in CVLUs by 4 weeks of therapy that are associated with significant healing, and (3) there
are no reported side effects or adverse events, EPA + DHA supplementation may prove to
be another systemic adjuvant therapy to consider for patients with excessive, chronic PMN
activation in CVLU sites.

This study provides new insights into the extent of PMN activation in the blood and wound
fluid of CVLU patients, and the effect EPA + DHA therapy has on PMN activation and
healing over time. It did not, however, assess bacterial counts at wounds sites, which can
impact protease levels and healing, nor did it quantify all proteases and TIMPs that have
been previously noted in CVLU fluid.28 We acknowledge that a balance between MMPs and
TIMPs is important for efficient wound healing and recommend that total MMPs and TIMPs
(in addition to HNE) be quantified in future studies testing the efficacy of EPA + DHA
therapy for certain CVLU patients so that a more comprehensive profile can be generated.
Other limitations of this study include a relatively small sample size, which hindered us
from answering important questions such as whether certain thresholds of activated PMNs
and/or MMP-8 and HNE could predict greater reductions in wound area over time.
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In conclusion, our data demonstrate that EPA + DHA oral therapy results in significantly
higher plasma levels of EPA and DHA, greater reductions in levels of activated PMNs

and MMP-8 and HNE in the microenvironment, and more healing by 4 and 8 weeks of
therapy when compared to a Control Group. Considering that Western diets contain much
lower levels of n-3 PUFASs relative to n-6 PUFAs,33 and that many patients with chronic
wounds have nutritional deficiencies such as lower than Recommended Daily Intakes of
protein, vitamin C, and zinc,>3 it is likely that patients in the US with CVLUs consume
nominal amounts of EPA + DHAS33 (which is confirmed in the current study sample).
Further, the high AA to EPA ratios noted in our study’s sample indicate high levels of
systemic inflammation33 that may increase the risk for developing CVLUs that fail to

heal or recur. Since the sample size was small, the study findings must be interpreted

with caution. Nonetheless, the results have significant implications for future clinical trials
to further test EPA + DHA adjuvant therapy for people found to have high levels of
PMN-derived proteases in the CVLU microenvironment to facilitate healing and perhaps
help prevent ulcer recurrence. Potential advanced work could (1) evaluate “high” and “low”
dose EPA + DHA therapy at weekly time points to determine the most effective dose and
duration of therapy, (2) test a more personalized EPA + DHA dose based on certain genetic
polymorphisms that may increase the rate of EPA + DHA conversion to inflammatory
mediators, (3) test adjuvant EPA + DHA therapy for preventing ulcer recurrence in a
prospective long-term study, and (4) include patients with other types of chronic wounds
having high levels of PMN-derived proteases, such as diabetic foot ulcers.
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Assessed for eligibility

[ Enrollment ]

Allocated to EPA+DHA group (n=21)

+ Received allocated intervention (n=19)

+ Did not receive allocated intervention (n=2)
(health issues: n=1; withdrew: n=1)

Lost to follow-up (n=0)

Discontinued intervention due to illness of
family member (n=1)

Discontinued intervention due to other time
commitments (n-=2)

Analyzed (n=16)

(n=264)
Excluded (n=224)
+ Not meeting inclusion criteria (n=55)
»{ ¢ Declined to participate (n=169)
Randomized (n=40)
h 4
X { Allocation } Y
Allocated to Control Group (n=19)
+ Received allocated intervention (n=19)
Follow-Up ] v
J
Lost to follow-up (give reasons) (n=0)
v Analysis ] ¥

Figurel.

Analyzed (n=19)

The CONSORT diagram illustrating the flow of patients who participated in the study.
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Figure 2.

HNE Day 0

HNE Day 28

HNE Day 56

W EPA+DHA Group

| Control Group

NS

Comparison of levels of MMP-8 (A) and HNE (B) in wound fluid of venous leg ulcers at
Days 0, 28, and 56 of the study between the EPA + DHA Group and the Control Group.
The graph provides comparisons between the EPA + DHA Group and Control Group in
terms of levels of MMP-8 and HNE (measured in ng per mg of albumin) at the study’s three
time points. Each bar represents the mean + SEM. (Student’s #test, EPA + DHA group: n=
16; Control Group: n=19). MMP-8 = matrix metalloproteinase; HNE = human neutrophil

elastase.
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Figure 3.
Comparison of percent reduction in wound area at Day 28 and Day 56 of the study between

the EPA+DHA Group and the Control Group. The graph provides comparisons between
the EPA+DHA and Control Group in terms of percent reduction in wound area at Day 28
and Day 56 compared to Day 0. Each bar represents the mean percent reduction £ SEM.
(Student’s ztest, EPA+DHA Group: 1= 16; Control Group: n=19).
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Sociodemographic and wound characteristics of participants (V= 35)

Table 1.

EPA+DHA" (n = 16)

Control* (n=19)

Age, mean years (SD)
Male (1, %)
Female (7, %)
White (1, %)
African American (7, %)
Education
Some high school (7, %)
High school graduate (7, %)
Some college (7, %)
College graduate (77, %)
BMI (kg/m?—mean (SD)
Baseline
28 days
56 days

Wound characteristics

Size, baseline (cm?—mean (SD)

Estimated wound age
< 6 months (7, %)
> 6 months (77, %)

Healed by 56 days (1, %)

60.3 (12.6)
10 (62.5)
6 (37.5)

12 (75)
4 (25)

0
6(37.5)
4(25)
6(37.5)

404 (8.2)
409 (8.5)
40.6 (8.9)

15.6 (34.4)

8 (50)

8 (50)
5 (31)

60.9 (11.8)
11 (58)
8 (42)
14 (75)
5 (26)

1(5.3)
5(26.3)
8 (42.1)
5(26.3)

42.7 (13.8)
42.7 (8.5)
42.1 (13.7)

19.7 (23.2)

7(36.8)

12 (63.2)
5 (26)

*
No significant differences between groups.

BMI, body mass index; SD, standard deviation.
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Table 4.

Spearman’s rho correlations between select independent variables and dependent variable % reduction in
wound area in 35 participants with CVLUs—total group

% Reduction in wound area

Correlation coefficient (p value)

Day 28 Day 56

EPA + DHA

Day 28 0.27 (0.13) 0.20 (0.25)

Day 56 0.34 (0.05) " 0.25 (0.16)
EPA

Day 28 0.18 (0.32) 0.30 (0.09)

Day 56 0.28 (0.10) 0.28 (0.11)
DHA

Day 28 0.35(0.045)*  0.18(0.30)

Day 56 0.34(0.046)  0.24(0.16)
Total n-3 PUFAs

Day 28 0.31(0.07) 0.23 (0.18)

Day 56 0.36 (0.03) " 0.28 (0.11)
CD15+ cells in WF

Day 28 -0.18 (0.33) -0.53 (0.003) ™"

Day 56 -0.45 (0.008) **  -0.33 (<0.001)
CD66b+cells in WF

Day 28 -0.28 (0.14) -0.45 (0.01) *

Day 56 -0.35(0.04)"  -0.45(0.009) "
CD66b+/CD15+ cells in WF

Day 28 -0.15 (0.43) -0.44 (0.02)*

Day 56 -0.35(0.05)F  -0.43(0.01)"
MMP-8

Day 28 -0.21 (0.30) -0.36 (0.06)

Day 56 -0.29 (0.17) -0.41 (0.04)*
HNE

Day 28 -0.28 (0.29) -0.02 (0.96)

Day 56 -0.28 (0.23) -0.22 (0.34)

DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HNE, human neutrophil elastase; MMP-8, matrix metalloproteinase-8; PUFA,
polyunsaturated fatty acids; WF, wound fluid.

*
£<0.05,

Ak
p<0.01.
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