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Abstract: Leukotrienes are proinflammatory mediators that participate in the process of atherogenesis and
contribute to the development of symptomatic peripheral arterial disease. The aim was to evaluate the
relationship between leukotriene E4 (LTE4) and B4 (LTB4) with parameters reflecting endothelial vascular
function in patients with chronic lower limb ischemia. This prospective observational study enrolled 50
consecutive patients undergoing endovascular treatment due to chronic lower limb ischemia (Rutherford 3).
All participants were followed-up for one year (after 1, 3, 6 and 12 months), with a sequential assessment of
urinary LTE4 and LTB4, as well as measures of endothelial and vascular function: Flow-Mediated Dilatation
(FMD), Intima-Media Thickness (IMT), corrected Augmentation Index (AI75), Shear Rate (SR), Ankle-Brachial
Index (ABI), Toe-Brachial Index (TBI). There was a significant relationship between LTE4 and measures of
vascular function: FMD (R2 = 0.69, P<0.001), IMT (R2=0.12, P<0.01), AI75 (R2=0.43, P<0.001), SR (R2=0.48,
P<0.001). Similar findings were noted for LTB4: FMD (R2=0.47, p<0.001), IMT (R2=0.23, P<0.001), AI75 (R2=0.61,
P<0.001) and SR (R2=0.33, P<0.001). Alterations in parameters were significantly related: ALTE4 vs
AFMD(R2=0.63, P<0.001), ASR (R2=0.42, P<0.001) and ALTB4 vs AlI75(R2=0.40, P<0.001), SR(R2=0. 29, P<0.001).
We conclude, that increasing concentrations of LTE4 and LTB4 are associated with impairment of vascular and
endothelial function, which may lead to worse endovascular treatment clinical outcomes.

Keywords: endothelium; leukotrienes; vascular inflammation; peripheral arterial disease

1. Introduction

Acute manifestations of atherosclerosis remain the most common cause of premature death, yet
the mechanisms shaping this process are still not fully understood [1]. Even though the inflammatory
component of atherogenesis has gained the attention of researchers over recent years, multiple
hypotheses still exist regarding the molecular interplay, which drives arterial inflammation and
accelerates plaque creation [2,3]. An array of recent data suggests that anti-inflammatory therapy
may be of added benefit in the treatment of coronary artery disease, though efficacy in the treatment
of peripheral disease is uncertain [4,5].

The inner layer of arteries is composed of the endothelium, which plays the role of an interface
between molecules circulating in blood and cells residing within the vessel wall. Impairment of its
proper function is assumed to be the origin point for atherosclerotic processes and is incited by a pro-
inflammatory milieu [6].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Leukotrienes (LT) are lipid molecules, which exert multiple physiologic functions within the
vasculature and organ systems, also being crucial mediators in the initial stages of inflammation.
Throughout the process of atherogenesis, the abundance of pro-inflammatory signals also contributes
to the development of unstable plaques.

Recent data from Sweden suggests that asthmatic patients treated with leukotriene receptor
antagonists are less vulnerable to cardiovascular disease [7]. Studies in acute coronary syndrome
report a reduction in LT levels by 12 weeks, with significant differences observed for the incidence of
atherosclerotic plaques and plaque volume [8]. The link between LTs and atherosclerosis has been
shown to have a genetic component [9].

The clinical utility of arachidonic acid metabolites as biomarkers of peripheral vascular disease
remains not fully explored. In patients with intermittent claudication, the occurrence of restenosis
after endovascular treatment was related to urinary leukotriene E4 (LTE4) concentration, while
perioperative thromboxane B2 levels were tied to the rate of major adverse cardiovascular events
[10,11]. A comprehensive literature review was recently conducted to examine the association
between elevated LT and the presence of atherosclerotic disease, showing the existing dependence,
but not answering the question of its mechanism [12].

While the role of LT as mediators has been established in the process of atherogenesis, the
relationship with endothelial function and vascular measures is not fully known. To our knowledge,
the relationship between LT concentrations and alterations in endothelial function have not been
studied prospectively in the context of peripheral arterial disease.

2. Materials and Methods

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies that require ethical
approval, must list the authority that provided approval and the corresponding ethical approval
code.

2.1. Study Design

Middle-aged (45 to 75 years), consecutive patients with intermittent claudication (Rutherford 3)
and without signs of inflammation, qualified for lower limb percutaneous transluminal angioplasty
(PTA) were enrolled. The number of patients included was based on the power and sample size
calculations. Detailed clinical characteristics including co-morbidity burden and cardiovascular
treatment were gathered at baseline, prior to endovascular procedures. Individuals were followed
up at pre-set intervals of 1, 3, 6 and 12 months after discharge. Patient clinical assessment, vascular
imaging, endothelial parameters assessment and collection of urine samples were performed at each
of those time points.

The primary outcome of the study was to assess the relationship between urinary LTE4 and
LTB4 levels and non-invasive measures of endothelial parameters and its functions described below.

2.1.1. Flow-Mediated Dilatation (FMD)

The brachial artery was localized with the use of an ultrasound transducer 2-5 cm above the
cubital fossa. The cuff was placed on the forearm and was pumped 50 mm Hg above systolic blood
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pressure for 5 min to restrict artery inflow. From 60 s to 90 s after deflation, all vasodilation
measurements with vessel diameter changes to reactive hyperemia were made [13]. FMD was
measured with the Hitachi Arietta 850 automatic software.

2.1.2. Shear Rate (SR)

The calculation of blood shear force defined as the blood velocity divided by vessel internal
diameter. It was assessed during FMD measurement.

2.1.3. Corrected Augmentation Index (AI75)

Represents a backward traveling pressure waves, defined as the ratio of difference in pressure
between the early and late systolic shoulders to pulse pressure, reflecting the arterial wall stiffness.
In this study we used the standardized index to a heart rate of 75 bpm as it has been proved to be
more reliable.

2.1.4. Intima-Media Thickness (IMT)

The measurement of the IMT was conducted in the common carotid artery 1ecm proximal to the
bulb, on the 10 mm-long part of the far and near wall and calculated by the automatic software
provided in Hitachi Arietta 850. The assessment was performed on both sides and the higher result
was included in the calculations.

The secondary goal was the evaluation of LTE4 and LTB4 levels and potential associations with
clinical characteristics and achievement of a composite endpoint of treated limb-artery restenosis or
death at one-year follow-up was performed.

Urine samples were collected at all study visits, centrifuged and stored in a freezer at -80°C until
testing. LTE4 and LTB4 were assayed with a competitive Abbexa ELISA kit. The results were
recalculated by the concentration of creatinine in urine.

2.2. Ethical Aspects

The study has been carried out in accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans and the proper consent for
this study has been obtained from the constituted committee for human subjects or animal research
on Jagiellonian University Medical College (1072.6120.365.2020). All of the participants signed the
informed consent.

2.3. Statistical Analysis

Continuous variables are summarized as mean (standard deviation) or median (interquartile
range). Variable distribution was assessed using QQ plots and the Shapiro-Wilk test. Simple linear
regression models were fit for comparison of the relationship between the discussed variables.
Skewed variables were transformed to approximate the normal distribution. Right-skewed variables
were log-transformed. The decision to include clinically significant covariates in multivariable
models was limited due to sample size and the investigators decided, before conducting analyses,
that the understanding of the impact of gender and coronary artery disease is theoretically justified.

3. Results

3.1. Characteristics of the Study Population

Out of 126 patients screened, the inclusion criteria were met by 50, who were all enrolled into
the study. The participants' mean age of the sample was 65.76 years with a male predominance (66%).
The cardiovascular burden of the population was high — 74% had hypertension, 56% previously
diagnosed dyslipidemia, 44% documented coronary artery disease, and 44.0% were active smokers.
(Supplementary Material, Table S1) During the hospitalization, all patients were treated with
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acetylsalicylic acid, clopidogrel, proton pump inhibitors and statins. If necessary, hypotensive drugs
were introduced.

3.2. Urinary Leukotriene Levels and Their Relationship with Parameters Reflecting Vascular Function

There was a statistically significant relationship between log-transformed baseline LTB4 and
LTE4 concentrations. (Supplementary Material, Figure S1)

In univariable analyses, we observed a significant relationship between log-transformed LTB4
concentration and ultrasound measures reflecting vascular functions and stiffness (Figure 1). A
significant univariable relationship between log-transformed LTB4 levels and flow-mediated
dilatation was noted (adjusted R2 = 0.47, P<0.001), and was maintained in a multivariable model
adjusting for patients’ age and sex (adjusted R2 = 0.45, P<0.001). Similar observations were noted in
univariable baseline analyses for mean IMT (adjusted R2=0.23, P<0.001), AI75 (adjusted R2=0.61,
P<0.001) and SR (adjusted R2=0.33, P<0.001). In multivariable models adjusting for the presence of
documented coronary artery disease (CAD) and patient sex, we observed LTs to be significant
independent predictors of flow-mediated dilatation, arterial augmentation index and vessel wall
shear rate. (Supplementary Material, Table 52)
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Figure 1. Scatter plot illustrating the relationship between baseline LTB4 levels and various
parameters reflecting vascular arterial function. Blue line represents linear fit, point represent
individual measurements (N=50).

In univariable analyses for LTE4, we observed similar relationships between indirect measures
of vascular function and stiffness. A significant univariable relationship between log-transformed
LTE4 levels and flow-mediated dilatation was noted (adjusted R2 = 0.69, P<0.001. Similar baseline
observations were noted in univariable analyses for mean IMT (adjusted R2=0.12, P<0.01), AI75
(adjusted R2=0.43, P<0.001), SR (adjusted R2=0.48, P<0.001). Similar to LTB4, no relationship with log-
transformed ABI and TBI was noted (P=0.36, P=0.21). (Figure 2)
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Figure 2. Scatter plot illustrating the relationship between baseline LTE4 levels and various
parameters reflecting vascular arterial function. Blue line represents linear fit, point represent
individual measurements (N=50).

3.3. Changes in Urinary Leukotriene Levels and Their Relationship with Alterations in Arterial Function
Measures

In univariable analyses, significant relationships were observed between the change in LTE4 and
LTB4 levels defined as the change respective to the 1-month as an earliest post-procedural stable
assay by 6 months (LT at six months/LT at one month; ALT). This time point was chosen as it was the
earliest time at which restenosis was reported, which would suggest that sufficient pathological
changes within the vascular bed have occurred to be of clinical significance. Analyses were conducted
to evaluate whether alterations in LT levels are associated with the progression of arterial function
impairment and would aid in the detection of clinical progression with a reference set at earliest pre-
procedural assay (AFMD, AIMT, AAI75, ASR). ALTE4 (adjusted R2=0.63, P<0.001) and ALTB4
(adjusted R2=0.06, P=0.047) were significant predictors of AFMD values. Similarly, ALTE4 (adjusted
R2=0.42, P<0.001) and ALTB4 (adjusted R2=0.29, P<0.001) were significantly related to ASR. ALTE4
was not associated with AAI75 (P=0.33), in contrast to ALTB4 (adjusted R2=0.40, P<0.001). A
significant relationship between AIMT and ALTE4 (adjusted R2=0.008, P=0.02), but not ALTB4 was
noted (P=0.13). (Figure 3 and Figure 4)
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Figure 3. Scatter plot illustrating the relationships between ALTE4 and respective changes in various
measures reflecting arterial function and stiffness (1 month to 6 months). Blue line represents linear
fit, point represent individual measurements (N=50).
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Figure 4. Scatter plot illustrating the relationships between ALTB4 and respective changes in various
measures reflecting arterial function and stiffness (1 month to 6 months). Blue line represents linear
fit, black points represent individual measurements (N=50). Points marked in red represent cases with
extreme ALTB4 values (the remaining observations have ALTB4 <40 unit/unit). Both patients
experienced restenosis by 6 months.

4. Discussion

4.1. The Significance of Leukotrienes in Atherosclerosis

We have previously shown that serial measurements of LTE4 are a useful prognostic factor to
aid in the prediction of angioplasty failure [11]. Across studies, urinary LTE4 levels have been treated
as a proxy measure of LT generation, and are significantly higher in patients with myocardial
infarction, as compared with stable coronary artery disease cases [14]. Aside from LTE4, LTB4 is
another candidate biomarker of emerging significance. It is characterized as a potent
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chemoattractant, which is produced on-site within vascular lesions and activates immune cell subsets
[15]. LTB4 levels were further tied to luminal carotid diameter in subjects with low arterial oxygen
saturation [16]. Taken together, these studies identify an association between processes shaping
cardiovascular disease and LTE4 / LTB4 generation. The inhibition of leukotrienes pathways is
believed to represent a new opportunity in the pharmacological treatment of atherosclerosis [17,18].

A salient finding of the present study is that both LTB4 and LTE4 levels share a significant
relationship with various indices of vascular function and vessel remodeling. Even though there is
clear dependence between those two types of LTs (Supplementary Material, Figure S1) their impact
on the individual vascular parameters differs, which may reflect varying involvement in
pathobiological processes.

4.2. The Impact of LTs on Vascular Endothelium Parameters

According to the latest suggestions, the thickness of the carotid intima-media layer should not
be treated as the marker of subclinical atherosclerosis [19], though it still remains one of the most
recognizable cardiovascular disease risk factors [20]. Our results showed that there is a relationship
between LTs concentrations and IMT at the baseline, supporting the concept of leukotriene-injured-
based endothelium dysfunction theory. The correlation between the change of carotid IMT and LTs
level dynamics was not pronounced, which is likely due to the short study timeframe. Furthermore,
all patients were treated according to best practices, which include intensive statin therapy, which
has been documented to lower the risk of IMT expansion [21].

The relation between arterial wall stiffness and LTs has been the subject of only one in vivo
human study so far, and LTB4 was assayed during only a single time point [22]. Although a causal
effect cannot be established by our study due to the presence of potential confounding factors,
elevations in LTE4 and LTB4 are related to measures of arterial stiffness. (Figure 3C, Figure 4C). As
increased arterial stiffness causes the progression of atherosclerosis, we can assume that a sufficient
increase in the concentration of leukotrienes may lead to a higher rate of recurrence of lower limb
ischemia.

There are multiple factors influencing vascular wall dilatation properties, with a prominent role
in inflammation [23]. Our results show that the vascular milieu, represented by increasing values of
LTB4 and LTE4 is accompanied by impaired vasodilatation. This observation is consistent both prior
to and after endovascular treatment, where patients with increased LTs have lower rates of FMD.
Moreover, increasing concentrations of LTs were reflected by the further reduction of FMD. (Figure
3A, Figure 4A). Whether a direct pathophysiologic relationship between the reduction of FMD and
the development of peripheral artery disease patients exists remains unclear [24].

4.3. Study Limitations

Firstly, the small sample and restenosis count warrant careful consideration of the conclusions
drawn at present. While our results are in line with theoretical assumptions that are derived from
literature, these findings should be treated as identifying a trend worthy of further evaluation.
Although the study sample is moderately heterogeneous in terms of cardiometabolic burden, the
recruitment criteria were designed to limit the influence of significant confounders, such as the
exclusion of significant renal impairment, which is known to affect urinary LT levels. Last, but not
least, the study was conducted only on patients with intermittent claudication, but not with chronic
limb-threatening ischemia. This is due the fact that in patients with ischemic wounds concentration
of LT will be disturbed by the lower limb inflammation. As the consequence, the conclusions of this
study may not be universally adapted for all groups of lower limb ischemia patients.

4.5. Clinical Implications of the Study

To our best knowledge, this is the first prospective study to evaluate the utility of urinary LTB4
and LTE4 as surrogate measures of endothelial dysfunction and vascular impairment in patients with
moderate-grade peripheral artery disease undergoing endovascular treatment. Over subsequent
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follow-up time points, LT levels do not change significantly, which may reflect an individual
propensity for “steady state” production. This inherent level of LT generation could reflect the extent
and severity of vascular disease, as patients with greater baseline LT levels are at greater risk for
restenosis.

This, as well as the fact that both examined LT may significantly induce the recreation of
atherosclerotic plaque, supports the existing idea of therapy based on anti-leukotriene drugs [17,25]
and significantly contribute to a new pathway of pharmacological treatment development.

5. Conclusions

The findings of the present study show the significant impact of proinflammatory biomarkers
represented by LT on the vascular endothelium and its functioning: the vascular inflammation
enlarges the thickness of the intima-media complex, increases the vascular wall stiffness and impairs
its vasodilatation properties. This is the next step for a hypothetical framework for the utility of
leukotrienes as biomarkers of incident restenosis and/or vascular disease progression, but also
significantly contributes to a new pathway of pharmacological treatment development for peripheral
arterial disease patients.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Scatterplot with line of linear fit illustrating the relationship between
urinary LTE4 and LTB4; Table S1: Summary of cardiometabolic co-morbidities of patients at baseline stratified
by endpoint status at 12 months. All patients were receiving dual platelet therapy, IPP, and statin at
recommended/tolerated dose. No differences in pharmacotherapy were observed apart from more common
diuretic use in incident cases (72.7% vs. 35.9%, P=0.042); Table S2: Multivariable regression model (N=50) for
baseline FMD, AlI75 and shear rate including leukotriene B4 or E4 levels and co-variates of patient gender and
presence of coronary artery disease.
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