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Abstract

:

The Limulus amebocyte assay (LAL) is increasingly used to quantify metabolic endotoxemia (ME), particularly in feeding studies. However, the assay was not intended to assess plasma at levels typically seen in ME. We aimed to optimize and validate the LAL assay under a range of pre-treatment conditions against the well-established lipopolysaccharide binding protein assay (LBP). Fifteen healthy overweight and obese males aged 28.8 ± 9.1years provided plasma. The LAL assay employed a range of pre-treatments; 70 °C for 15 and 30 min and 80 °C for 15 and 30 min, ultrasonication (70 °C for 10 min and then 40 °C for 10 min), and dilution (1:50, 1:75, 1:100, and 1:200 parts) or diluted using 0.5% pyrosperse. Seventeen different plasma pre-treatment methods employed prior to the use of the LAL analytical technique failed to show any relationships with either LBP, or body mass index (BMI; obesity), the biological trigger for ME (p > 0.05 for all). As expected, BMI positively correlated with LBP (r = 0.523, p = 0.052. No relationships were observed between LAL with any of the sample pre-treatments and LBP or BMI. In its current form, the LAL assay is unsuitable for detecting levels of endotoxin typically seen in ME.
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1. Introduction


Endotoxin, also known as lipopolysaccharide (LPS) is derived from the Gram-negative bacterial outer membrane and consists of three key components; the O antigen, core oligosaccharide, and the lipid-A molecule [1]. These components may facilitate potent activation of innate immunity when triggered by low-grade endotoxemia, as demonstrated by the lipid-A molecule’s interaction with the toll-like receptor 4 (TLR4), mediating expression of pro-inflammatory cytokines [1]. The potentiation of a pro-inflammatory state via low presence of endotoxins may progress to the onset of inflammatory diseases [2,3]. The precise levels of endotoxin capable of damaging human health remains unclear, however modestly raised levels of endotoxins in human circulation have been increasingly linked in numerous studies to poor health and diseases such as; cardiovascular disease and atherosclerosis [3,4], insulin resistance and type 2 diabetes [2], and non-alcoholic fatty liver disease [5].



Currently, there are three very different analytical techniques to assess human endotoxin levels; the Limulus amebocyte assay (LAL assay), the lipopolysaccharide binding protein (LBP) assay and the endotoxin activity assay (EAA™), which we have previously demonstrated is not suitable for use under conditions of metabolic endotoxemia (ME) [5]. The LBPenzyme-linked immunosorbent assay (ELISA) assay provides an indirect measurement of sub-acute endotoxin which has been designed specifically for biological samples and measures an acute-phase reactant protein, predominantly produced by the liver, in response to endotoxin exposure [6]. The biological role of LBP is to deliver endotoxin to a co-receptor CD14, facilitating an interaction between endotoxin and TLR4, triggering a signaling cascade. This ultimately results in up-regulation and expression of pro-inflammatory cytokines [7,8]. The LBP has been used extensively to detect low levels of ME associated with obesity (body mass index; BMI) [9,10,11,12,13]. LBP in serum has also been used to detect endotoxemia in inflammatory bowel conditions, pancreatitis, cirrhosis, and sepsis (reviewed in [14]). However, the use of an indirect measurement may not be ideal for analyzing rapid changes in LPS exposure, such as postprandial endotoxemia, as the LBP response to endotoxin exposure is delayed and the accuracy of the test is dependent on normal hepatic function for production of the measured binding protein [15].



In contrast, there are three LAL assays which offer a direct measurement of endotoxin through initiating a blood clotting cascade, as Limulus polyphemus clots with Gram-negative bacteria during infection [16]. The most commonly used LAL assay is a chromogenic test. Briefly, the conversion of a pro-enzyme to its active form is catalyzed by endotoxin, which then splits p-nitroaniline (pNA) from a colorless substrate, which is quantified by the time taken for the optical density (OD) to increase by 0.2 OD at 405 nm and is quantitatively proportional to the concentration of endotoxin in the sample (Lonza, Walkersville, MD, USA). The LAL assay’s ability to assess endotoxin under conditions of sepsis is undisputed, however the manufacturer cautions that the assay was “not meant for testing blood or blood products, nor are they meant to diagnose, treat, or mitigate any disease or condition such as endotoxemia in man or animals” [17]. This is because inhibitors of the LAL assay present in complex biological samples, such as blood, interfere with endotoxin identification, particularly at low levels. Despite this, a number of research groups have quantified acute short-term changes in plasma endotoxin in healthy individuals before and after the ingestion of a fatty meal using the LAL assay [18,19,20,21,22,23,24,25]. However, none of these research groups have verified the accuracy of the determinations under postprandial ME. Additionally, there is a lack of consistency in the methodology employed under conditions of ME, namely in the variable dilution rates and heat treatments required for adequate inhibition of chemical interferences such as β-glucan [26], or protein modification in blood [27,28]. Therefore, with significant research interest on the effect of low levels of endotoxin exposure on health [29], there is a need to establish a gold standard assay to directly test for ME, thereby advancing research the field.



The aim of this study was to evaluate whether the LAL chromogenic assay was suitable to detect endotoxins under conditions of ME and if so, to then optimize the conditions of use and validate it against BMI, an established marker of ME and an established assay under conditions of fasting. This would provide a validated direct measure of ME which could be used to evaluate postprandial changes in ME during feeding studies.




2. Materials and Methods


2.1. Participant Recruitment


Men aged 18 to 50 years with a BMI > 25 kg/m² were recruited as part of a larger study (South Australian Medical Research Institute (SAMRI), Adelaide, South Australia) over a 3-month period in 2018. This overweight group was targeted as they have been reported to more likely exhibit ME [30,31,32], thereby having detectable levels of LPS in plasma. Men with an inflammatory or infective disease and consuming immunosuppressive medication (e.g., nonsteroidal anti-inflammatory drugs (NSAID), corticosteroids, or fish oil) or supplements that may alter intestinal function (e.g., probiotics, antibiotics in the last month) were excluded. The study was approved by the University of South Australia Human Research Ethics Committee in December 2018 (approval number: 200913).




2.2. Anthropometric Measurements


Anthropometric measures were collected. Height was measured to the nearest 1 cm (Seca, 216, Germany). Weight was measured using a bio-electrical impedance scale (Tanita, UM051, Tanita Corporation of America Inc. Arlington Heights, IL, USA). BMI was calculated using the equation body weight (kg)/height (m2) and classified using the World Health Organization (WHO) ranges; underweight (<18.50 kg/m2), normal weight (18.50–24.99 kg/m2), overweight (25.00–29.99 kg/m2) and obese (>30 kg/m2) [33].




2.3. Blood Collection


A trained phlebotomist collected venous blood samples into a plastic serum vacuette tube (9 mL, cat no: Lithium Heparin; Greiner, Kremsmünster, Austria), which we had shown to be free of endotoxin. All samples were allowed to clot for 2 h at room temperature and subsequently centrifuged at 3500 g at 4 °C for 15 min (Hettich Universal 320R, Geldermalsen, Netherlands). Raw plasma was decanted into pyrogen free tubes (cat: 80-507 USP Type 1 flint borosilicate glass tubes with caps; Lonza, Walkersville, MD, USA) using pyrogen free pipette tips (Cat; BE10051, Lonza, Walkersville, MD, USA). Aliquots of raw serum were stored at −80 °C [32] pending further analysis.




2.4. Assessment of Metabolic Endotoxemia


2.4.1. Limulus Amebocyte (LAL) Assay


Preparation of Standards


To prepare standards, a control standard endotoxin (CSE) bottle (Lonza Group Ltd., Walkersville, MD, USA) was reconstituted with LAL reagent water (LRW; lot no. 0000638444, exp: 21/06/2019; Lonza, Walkersville, MD, USA) to make a 50 EU/mL solution. Serial dilutions were prepared in pyrogen free glass tubes (Cat: N207; Lonza, USA; 5, 0.5, 0.05, 0.005, 0.003, 0.002, and 0.001 EU/mL) according to Supplementary Table S1.




Preparations of Plasma Samples


To inactivate endotoxin-neutralizing agents that inhibit endotoxin activity in the assay, a heat treatment and dilution protocol was employed. Samples were thawed to room temperature and a dry block heater (Ratek, Victoria, Australia) was pre-heated to 70 °C or 80 °C. For 1:10 pre-dilution, pyrogen-free glass tubes (Cat: N207; Lonza, USA) and pyrogen-free pipette tips (Cat: BE10051; Lonza, Walkersville, MD, USA) were used to aliquot 50 µL of sample into 450 µL of LAL reagent water (LRW; Lonza, Walkersville, MD, USA). Pre-dilution tubes were incubated at 70 °C for 15 and 30 min and 80 °C for 15 and 30 min per sample and then plunged into ice to cool to room temperature. Once cooled to room temperature, serial dilutions (1:50, 1:75, 1:100, and 1:200) were prepared as per Supplementary Table S2.




Preparation of Plasma Samples; Adaption for Ultrasonication


All samples were thawed and diluted 1 part in 10 with LRW. Samples were heated at 70 °C for 10 min and then subjected to an ultrasonic bath at 40 °C for 10 min (Digital Pulse Swept Power operating at 43 kHz ± 2 kHz sweep bandwidth with 20 Hz pulses; Soniclean, Transtek system, South Australia, Australia) and vortexed for 1 min to enhance the recovery of endotoxin.




Preparation of Plasma Samples; Adaption for Addition of Pyrosperse


All samples were thawed and diluted 1 part in 10 with LRW in pyrogen-free glass tubes (Cat: N207; Lonza, Walkersville, MD, USA) using pyrogen-free pipette tips (Cat: BE10051; Lonza, Walkersville, MD, USA). Pre-dilution tubes were incubated at 80 °C for 30 min per sample and then plunged into ice to cool to room temperature. Once cooled to room temperature, serial dilutions were prepared with 0.5% pyrosperse to minimize interferences in the reaction (inhibition or enhancement) [30] as per Supplementary Table S2.




LAL Analysis


Kinetic-QCL™ LAL kits from a single batch were used in the study (lot TL067Y5MJJ, exp:7/6/2020). The assay also used a Lonza micro-plate reader (ELX808LBS) which was calibrated by a Lonza representative at 405 nm (R = 0.999, slope = 1.656, y intercept = −0.068). One hundred microliters of each sample or standard were pipetted into a 96-well micro-plate (Cat no: 25-340; Lonza Walkersville, MD, USA) in duplicate. In addition, a further aliquot of 100 µL of sample, then a further 10 µL of 5 EU/mL standard in the same well was prepared in duplicate to create a 0.5 EU/mL spike in into the sample. This formed the positive product control (PPC). The plate was incubated in a micro-plate reader for 10 min at 37 °C. One hundred microliters of freshly prepared LAL reagent was added to each well. The plate was shaken for 30 s and the OD of each sample was read at 405 nm immediately after shaking and every 150 s thereafter for a period of 100 min with a Delta mean optical density (mOD) of 200. The data was processed using WinKQCLTM 5 software (Lonza, Walkersville, MD, USA). A second instrument was also used in the analysis (Enspire, Perkin Elmer, Waltham, MA with accompanying software, USA) under the following conditions: incubation in a micro-plate reader for 10 min at 37 °C. One hundred microliters of freshly prepared LAL reagent was added to each well. The plate was shaken for 30 s and the OD of each sample was read at 405 nm immediately after shaking and every 40 s thereafter for a total of 200 reading (133 min). The reaction time was defined, as recommended by the manufacturer, as the time taken for OD to increase by 0.2 units from the initial (baseline) OD value of either standards or samples (Lonza, Walkersville, MD, USA). Polynomial models were generated in Microsoft Excel 2010 based on the reaction times in seconds of a series of endotoxin concentrations between 0.001 and 50 EU/mL in LRW.




Summary of Polynomial Model Validation and Quality Measures


The coefficient of correlation (r) was ≥0.980 for all polynomial models. Reproducibility was determined by percent coefficient of variation (%C.V.) of reaction times for replicates for all samples and standard solutions as ≤10%. To be included in the analysis, % recovery of positive product controls (%PPC) were between 50–200% as per methodology (Lonza, Walkersville, MD, USA). All blank controls were less than the minimum absorption of the standards and samples. This enabled a polynomial model to be utilized to produce a polynomial model and allow prediction of endotoxin concentrations in individuals with ME (see Figure 1 for example). The limit of detection (LOD) for all samples was calculated as the minimum standard concentration multiplied by sample dilution level; 1:50 dilution = 0.05 EU/mL, 1:75 = 0.075 EU/mL, 1:100 = 0.1 EU/mL, and 1:200 = 0.2 EU/mL.





2.4.2. Lipopolysaccharide Binding Protein (LBP) Endotoxin Measurement


Metabolic endotoxemia was quantified indirectly by LBP analysis using an ELISA system according to the manufacturer’s guidelines (Hycult, Uden, Netherlands) as previously published by our group [34,35] with the minimum detectable concentration of LBP being 4.4 ng/mL. LBP was determined at 450 nm (using a Multiskan Ascent 96/384 Plate Reader, Oitti, Finland). The data was downloaded in Excel and analyzed using elisaanalysis.com where the OD values of the standards were plotted against logarithmic transformed concentrations of LPS in the standards. The concentration of LPS in each sample was determined by reference to the polynomial model.





2.5. Data Interpretation


Based on previous work, in which we observed a significant correlation between BMI and LBP in 10 overweight and obese men (r = 0.649, p = 0.042, CI95 0.028–1.269, [34]), we believed we required a sample size of 15 overweight and obese men allowing for dropouts to observe a relationship between LBP and BMI in the current study. Statistical analyses were conducted using International business machines corporation (IBM) Statistical Product and Service Solution software, version 24 (SPSS Inc., Chicago, IL, USA). All variables were reported as mean ± SD where normally distributed, or as median ± inter quartile range when not normally distributed using the Shapiro–Wilk test. Homogeneity was evaluated using Levene’s test of equality. Correlations were assessed using the Pearson method. A two-way ANOVA was employed to determine statistical differences between methods of analysis and sample pre-treatments to determine endotoxin levels. Post-hoc analysis was performed using Tukey analysis. Significance was set at p < 0.05.





3. Results


3.1. Participant Demographics


Fifteen healthy males were recruited to this study. The mean ± SD age and BMI was 28.8 ± 9.1 years and 29.6 ± 4.5 kg/m² respectively. From the cohort, there were 73.3% overweight and 26.7% obese. The men were non-smokers, were not on special diets and consumed less than four standard drinks per day.




3.2. LAL Analysis


3.2.1. Summary of Polynomial Model Validation and Quality Measures


The coefficient of correlation (r) was ≥0.980 for all polynomial models and agreement between replicates (%CV) was <10% as per methodology. Figure 1.




3.2.2. Sample Heat Treatment, Deactivation Time and Dilution on Serum Endotoxin Levels


The percentage of samples meeting the inclusion criteria for data analysis (%CV < 10%, %PPC 50–200%) are outlined in Table 1. The use of acid treatment was deemed unnecessary as the pH of all samples after heat treatment was below a value of 8. Sample dilution only meaningfully and significantly impacted on the detected endotoxin levels when the samples were diluted to 1:200; the magnitude of the difference in detectable endotoxin levels varied between 228% to 298% for samples diluted 1:200 compared to other dilutions (1:50, 1:75, and 1:100) which had similar heat deactivation conditions. Samples heat treated at 70 °C for 15 min and diluted to 1:200 significantly differed from samples diluted 1:50, 1:75, and 1:100 (p = 0.003, p < 0.001, and p = 0.006, respectively), or samples heat treated at 70 °C for 30 min at a dilution of 1:50, 1:75, and 1:100 (p = 0.004, p = 0.023, and p = 0.008, respectively), or samples heat treated at 80 °C for 15 min at a dilution of 1:50, 1:75, and 1:100 (p = 0.003, p = 0.016, and p = 0.009, respectively) or samples heat treated at 80 °C for 30 min at a dilution of 1:50, 1:75, and 1:100 (p = 0.001, p = 0.003, and p = 0.003, respectively). The effect of sample pre-treatment with heat and time on dilution is displayed in Figure 2.




3.2.3. LAL Adaption for Ultrasonication


The coefficient of variation of the reaction time between replicates for the polynomial model was 3.5% (0–6.1%), with r = 0.997. Unfortunately, only seven samples exhibited %PPC, with a %CV for duplicate analysis of the positive product control sample <10% (% PCC (31–604%), CV (0.5–60%)). Of these seven samples, only five samples met inclusion criteria of %CV for the duplicate sample analysis, suggesting ultrasonication in combination with a 10-fold dilution was not a robust method to detect endotoxin levels in serum.




3.2.4. LAL Adaption for Addition of Pyrosperse


The coefficient of variation of the reaction time between replicates for the polynomial model was 2.8% (0–3.9%), with r = 0.998. The addition of 0.5% pyrosperse made no significant difference to the levels of endotoxin detected for serum samples diluted 1:200 and heated to 80 °C for 30 min compared to samples without the addition of pyrosperse (p = 0.374).




3.2.5. Relationship between BMI and Endotoxemia


The relationship with LBP detected metabolic endotoxemia and BMI was significant (r = 0.523, p = 0.052, CI95 0.004–1.051). However, there were no relationships between BMI and LAL assayed endotoxemia irrespective of heat treatment time, temperature, dilution, or the use of ultrasonication.




3.2.6. Comparison of LBP to LAL


Metabolic endotoxemia was quantified indirectly by LBP analysis; 10.2 ± 5.2 ug/mL. There were no significant correlations between LBP and samples heat treated at 80 °C for 15 min or 30 min after dilution to either 1:100 (r = −0.578, p = 0.134, CI95 = −1.393–0.238; r = −0.493, p = 0.102, CI95 = −1.881–0.087) or 1:200 for 15 min or 30 min and analyzed using the LAL method of analysis (r = −0.078, p = 0.841, CI95 = −0.208–0.991; r = −0.278, p = 0.381, CI95 = −0.916–0.381; Figure 3). Additionally, there were no significant correlations with LBP measures of endotoxin and any other sample pre-treatment and LAL measures of endotoxin (LPS).






4. Discussion


Metabolic endotoxemia is increasingly reported in the literature, yet there is no gold standard method of analysis for low levels of circulating endotoxins. Human research studies using the LAL assay often poorly report the methodology employed; sample pre-treatment conditions are often not stated [36], referenced to manufacturer’s instructions (which are non-existent for endotoxin levels observed under conditions of ME using a Lonza kit) [37], or are scant [18,30].



The key finding of this study was that existing published LAL sample inhibitor neutralization pre-treatments of 70 °C and 80 °C for both 15 and 30 min, vortexed for 2 min and subsequently diluted 1:50, 1:75, 1:100, and 1:200, or diluted 1:10, heat treated to 70 °C for 10 min, vortexed for one minute and ultrasonicated for 10 min or diluted using 0.5% pyrosperse and analyzed using the LAL chromogenic assay were not suitable to detect endotoxin levels in plasma, amongst overweight men typically exhibiting ME. There are two key findings which substantiate this. Firstly, ME has long been associated with obesity. In the current study, obesity (BMI) was significantly related to the indirect measure of endotoxemia (LBP) with a moderate effect size, yet there were no relationships between BMI and the direct measure of endotoxemia (LPS) using the LAL chromogenic assay under any of the sample pre-treatment conditions examined. The positive correlation between BMI and LBP concur with many other research groups [9,35,38], including our own [34], and in varied ethnic populations [11,12], yet surprisingly many research groups reporting on ME measures, particularly those addressing methodology, fail to report on this relationship.



Secondly, the literature commonly reports both the LAL chromogenic assay [21,30,31] and LBP ELISA assay for quantifying ME [21,32], despite the mechanisms for detection being very different [7,16]. As such, one would expect to observe a direct positive relationship between both measures in the fasting state. However, this was not the case in our study. Endotoxin levels determined using the LBP ELISA assay failed to correlate with any of the 17 variants of sample pre-treatment for analysis performed using the LAL assay. Interestingly, we have previously failed to find a relationship between LBP and LPS in 10 healthy overweight and obese males in the fasting state (r = −0.341, p = 0.369; unpublished data) and Ghamim et al. who used both LAL and LBP assays to measure ME failed to detect a fasting relationship between the two measures of endotoxemia [21].



There are several possible explanations for this lack of correlation; the most likely was deactivation of endogenous sample compounds capable of interfering with the clotting cascade was incomplete [39,40]. The most common methods reported for ameliorating this inhibition or enhancement have been the combination of dilution and heating [25,41,42], solvent extraction [39], sonication [25,43], and acid treatment [41,44], or combinations thereof. While the most commonly reported heat treatments, dilutions, and the use of sonication were employed in this study, the lack of correlation between LBP and LPS suggests that they were not sufficient to deactivate the inhibitors. Secondly, LBP is produced principally by the liver in response to LPS exposure, making LBP levels dependent on hepatic function, unlike the LAL assay which is a direct measure of LPS activity. In an acute exposure to a bolus of LPS, LBP is consumed by binding to LPS and transported to responding immune cells-producing a paradoxical fall in LBP rather than increase. However, as all of the men in this study were heathy, not experiencing any acute event likely to produce a bolus exposure to LPS, this pattern is unlikely to explain the lack of correlation between LBP and LAL quantified endotoxemia.



Finally, ME mirrors the activity of LPS, which in the case of the LAL analysis is based on the structure of the lipid-A moiety and polysaccharide chain [45]. We acknowledge that various LPS species exist with numerous activities according to their molecular structure, so it is possible that the increased levels of endotoxin may be the result of an increased number of LPS molecules, or a similar level of LPS molecules with increased activity due to different chemical structures [31]. It has also been suggested that this discrepancy could be more fully understood by assessing the biochemical forms of LPS in parallel with the LAL assay at an optimum dilution [31]. However, while this has been successful under conditions of sepsis [46], correlations for LPS determined by the LAL analysis and biochemical methods of analysis (HPLC-MS/MS) are still lacking under conditions of ME [47].



The strengths of this study include the quality measures taken to ensure the accuracy of the polynomial model; all correlation coefficients were greater than 0.980, and the agreement between replicates (%CV) was less than 10%. The activation of the LAL test is also easily detected by a fast response in the positive product control (PPC) well. The manufacturer specifies the reactivity of such PPC should lie within 50–200% and we report on compliance to this range and only included samples adhering to this range in the analysis. Additionally, the percentage coefficient of variation between two replicate analyses of the same sample was less than 10% as recommended by the manufacturer. Care was also taken to minimize cross contamination through the use of endotoxin free reagents (LAL water), pipette tips, glass storage containers, etc. [32], and this was confirmed through the use of ‘reagent blanks’. The type of collection tube has been shown to affect the analysis; in this study, blood was collected in heparin tubes, centrifuged within 3 h of collection and then transferred to endotoxin free glass bottles and stored at −80 °C pending analysis. While others have reported heparin tubes to increase endotoxin levels [48,49] and hydrophobic polymers to bind LPS [50], in this case, limited storage for 3 h was not found to have an impact on the analysis with no detectable level above the limit of detection.



We acknowledge several potential weaknesses in our study. Laugerette et al. suggested sonication would disperse the aggregates of LPS into smaller and more uniform particles to enhance detection [31]. The lack of correlation between this measure of LPS and LBP suggest the conditions in our study were insufficient to completely reduce this aggregation; (Digital Pulse Swept Power operating at 43 kHz ± 2 kHz sweep bandwidth with 20 Hz pulses). The study also failed to control for the possible presence of proteases and glucans; it is possible that proteases [50,51] or glucans [26], if present in sufficient quantities in the blood, could have inhibited the clotting cascade in the LAL assay. The recovery of LPS from serum after it has bound to lipoproteins is also challenging. While some suggest that re-extraction of plasma using chloroform could be used to release LPS from inhibitory proteins and lipoproteins [52], others report as little as ~0.001% of the spiked biological activity is recovered using this method [53], suggesting that even after additional preparative work, the majority of LPS in the circulation residing in lipoproteins was not detectable by the LAL assay.




5. Conclusions


The LAL method of analysis is often used and importantly reported in peer reviewed literature as a measure to detect endotoxin levels under conditions of ME, despite the manufacturer not endorsing its use under these conditions. However, 17 different pre-treatment methods employed prior to the use of the LAL chromogenic assay failed to show any relationships with BMI or LBP suggesting in its current form, it is unsuitable for use for detecting levels of endotoxin typically seen in ME. LBP is the best available surrogate marker of endotoxin exposure, but cannot be used for measuring acute changes in exposure over short periods of time (minutes/hours). Furthermore, we suggest future studies employing LAL chromogenic methodologies under conditions of ME report correlations with BMI and LBP (or an alternative method of analysis) as a quality measure.



As ME is increasingly emerging as a mediator in many chronic diseases, there is an urgent need for more research to establish a robust ‘gold standard’ analytical tool to determine endotoxin levels in the systemic system, particularly with feeding studies. There are a number of emerging analytical techniques involving biosensors [54], electron microscopy, dynamic light scattering (DLS), fluorescence resonance energy transfer (FRET), and docking programs in the endotoxin-protein analysis (reviewed in [53]) that may offer an alternative pending investigation under conditions of ME.








Supplementary Materials


The following are available online at https://www.mdpi.com/2075-4418/10/6/428/s1, Table S1: Dilution protocol for standards, Table S2: Dilution protocol for samples.





Author Contributions


Conceptualization, K.P. and K.T.; methodology, K.P.; formal analysis, K.P. and K.T.; investigation, D.E., S.F., and K.P.; validation, D.E., S.F., and K.P.; writing—original draft preparation, K.P.; writing—review and editing, K.P. and K.T.; visualization, K.P. and K.T.; All authors have read and agreed to the published version of the manuscript.




Funding


Reagents were provided by Lonza, Walkersville, MD, USA. A Lonza micro-plate reader (ELX808LBS) was provided and calibrated by a Lonza representative.




Acknowledgments


We wish to thank the volunteers involved in this study and the laboratory staff Lora Boles and Amanda Kenyon.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Raetz, C.R.H.; Whitfield, C. Lipopolysaccharide Endotoxins. Annu. Rev. Biochem. 2002, 71, 635–700. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [Google Scholar] [CrossRef] [PubMed]

	



Neves, A.L.; Coelho, J.; Couto, L.; Leite-Moreira, A.; Roncon-Albuquerque, R. Metabolic endotoxemia: A molecular link between obesity and cardiovascular risk. J. Mol. Endocrinol. 2013, 51, R51. [Google Scholar] [CrossRef] [PubMed]

	



Wiedermann, C.J.; Kiechl, S.; Dunzendorfer, S.; Schratzberger, P.; Egger, G.; Oberhollenzer, F.; Willeit, J. Association of endotoxemia with carotid atherosclerosis and cardiovascular disease: Prospective results from the bruneck study. J. Am. Coll. Cardiol. 1999, 34, 1975–1981. [Google Scholar] [CrossRef]

	



Harte, A.L.; Da Silva, N.F.; Creely, S.J.; McGee, K.C.; Billyard, T.; Youssef-Elabd, E.M.; Tripathi, G.; Ashour, E.; Abdalla, M.S.; Sharada, H.M.; et al. Elevated endotoxin levels in non-alcoholic fatty liver disease. J. Inflamm. 2010, 7, 15. [Google Scholar] [CrossRef]

	



McPhee, N.; Tremellen, K.; Pearce, K.L. Evaluation of the use of the Endotoxin Activity Assay (EAA™) to Quantify Non-septic Exposure of Metabolic Endotoxemia. J. Med. Diagn. Methods 2017, 6, 4. [Google Scholar] [CrossRef]

	



Schumann, R.R.; Zweigner, J. A novel acute-phase marker: Lipopolysaccharide binding protein (LBP). Clin. Chem. Lab. Med. 1999, 37, 271–274. [Google Scholar] [CrossRef]

	



Weiss, J. Bactericidal/Permeability-Increasing Protein (BPI) and Lipopolysaccharide-Binding Protein (LBP): Structure, Function and Regulation in Host Defence against Gram-Negative Bacteria. Biochem. Soc. Trans. 2003, 4, 785–790. [Google Scholar] [CrossRef]

	



Sun, L.; Yu, Z.; Ye, X.; Zou, S.; Li, H.; Yu, D.; Wu, H.; Chen, Y.; Dore, J.; Clément, K. A marker of endotoxemia is associated with obesity and related metabolic disorders in apparently healthy Chinese. Diabetes Care 2010, 33, 1925–1932. [Google Scholar] [CrossRef]

	



Kim, K.-A.; Gu, W.; Lee, I.-A.; Joh, E.-H.; Kim, D.-H. High fat diet-induced gut microbiota exacerbates inflammation and obesity in mice via the TLR4 signaling pathway. PLoS ONE 2012, 7, e47713. [Google Scholar] [CrossRef]

	



Gonzalez-Quintela, A.; Alonso, M.; Campos, J.; Vizcaino, L.; Loidi, L.; Gude, F. Determinants of serum concentrations of lipopolysaccharide-binding protein (LBP) in the adult population: The role of obesity. PLoS ONE 2013, 8, e54600. [Google Scholar] [CrossRef]

	



Liu, X.; Lu, L.; Yao, P.; Ma, Y.; Wang, F.; Jin, Q.; Ye, X.; Li, H.; Hu, F.B.; Sun, L.; et al. Lipopolysaccharide binding protein, obesity status and incidence of metabolic syndrome: A prospective study among middle-aged and older Chinese. Diabetologia 2014, 57, 1834–1841. [Google Scholar] [CrossRef]

	



Tremellen, K.; Syedi, N.; Tan, S.; Pearce, K. Metabolic endotoxaemia–a potential novel link between ovarian inflammation and impaired progesterone production. Gynecol. Endocrinol. 2015, 4, 309–312. [Google Scholar] [CrossRef]

	



Gnauck, A.; Lentle, R.G.; Kruger, M.C. Chasing a ghost?–Issues with the determination of circulating levels of endotoxin in human blood. Crit. Rev. Clin. Lab. Sci. 2016, 53, 197–215. [Google Scholar] [CrossRef]

	



Grube, B.J.; Cochane, C.G.; Ye, R.D.; Green, C.E.; McPhail, M.E.; Ulevitch, R.J.; Tobias, P.S. Lipopolysaccharide binding protein expression in primary human hepatocytes and HepG2 hepatoma cells. J. Biol. Chem. 1994, 269, 8477–8482. [Google Scholar]

	



Levin, J.; Bang., F. The role of endotoxin in the extracellular coagulation of Limulus blood. Bull. Johns Hopkins Hosp. 1964, 115, 265–274. [Google Scholar]

	



Bergenson, A. Use of Lonza LAL Anaysis in Testing for Metabolic Endotoxemia; Global SME, Testing Solutions, Lonza: Walkersville, MD, USA, 2019. [Google Scholar]

	



Clemente-Postigo, M.; Queipo-Ortuño, M.I.; Murri, M.; Boto-Ordoñez, M.; Perez-Martinez, P.; Andres-Lacueva, C.; Cardona, F.; Tinahones, F.J. Endotoxin increase after fat overload is related to postprandial hypertriglyceridemia in morbidly obese patients. J. Lipid. Res. 2012, 53, 973–978. [Google Scholar] [CrossRef]

	



Deopurkar, R.; Ghanim, H.; Friedman, J.; Abuaysheh, S.; Sia, C.L.; Mohanty, P.; Viswanathan, P.; Chaudhuri, A.; Dandona, P. Differential Effects of Cream, Glucose and Orange Juice on Inflammation, Endotoxin and the Expression of Toll Like Receptor-4 and Suppressor of Cytokine Signaling-3. Diabetes Care 2010, 33, 991–997. [Google Scholar] [CrossRef]

	



Erridge, C.; Attina, T.; Spickett, C.M.; Webb, D.J. A high-fat meal induces low-grade endotoxemia: Evidence of a novel mechanism of postprandial inflammation. Am. J. Clin. Nutr. 2007, 86, 1286–1292. [Google Scholar] [CrossRef]

	



Ghanim, H.; Abuaysheh, S.; Sia, C.L.; Korzeniewski, K.; Chaudhuri, A.; Fernandez-Real, J.M.; Dandona, P. Increase in plasma endotoxin concentrations and the expression of toll-like receptors and suppressor of cytokine signaling-3 in mononuclear cells after a high-fat, high-carbohydrate meal. Diabetes Care 2009, 32, 2281–2287. [Google Scholar] [CrossRef]

	



Ghanim, H.; Sia, C.L.; Korzeniewski, K.; Lohano, T.; Abuaysheh, S.; Marumganti, A.; Chaudhuri, A.; Dandona, P. A resveratrol and polyphenol preparation suppresses oxidative and inflammatory stress response to a high-fat, high-carbohydrate meal. J. Clin. Endocrinol. Metab. 2011, 96, 1409–1414. [Google Scholar] [CrossRef]

	



Ghanim, H.; Sia, C.L.; Upadhyay, M.; Korzeniewski, K.; Viswanathan, P.; Abuaysheh, S.; Mohanty, P.; Dandona, P. Orange juice neutralizes the proinflammatory effect of a high-fat, high-carbohydrate meal and prevents endotoxin increase and Toll-like receptor expression. Am. J. Clin. Nutr. 2010, 91, 940–949. [Google Scholar] [CrossRef]

	



Ghoshal, S.; Witta, J.; Zhong, J.; De Villiers, W.; Eckhardt, E. Chylomicrons promote intestinal absorption of lipopolysaccharides. J. Lipid Res. 2009, 50, 90–97. [Google Scholar] [CrossRef]

	



Laugerette, F.; Vors, C.; Géloën, A.; Chauvin, M.-A.; Soulage, C.; Lambert-Porcheron, S.; Peretti, N.; Alligier, M.; Burcelin, R.; Laville, M.; et al. Emulsified lipids increase endotoxemia: Possible role in early postprandial low-grade inflammation. J. Nutr. Biochem. 2011, 22, 53–59. [Google Scholar] [CrossRef]

	



Roslansky, P.F.; Novitsky, T.J. Sensitivity of Limulus amebocyte lysate (LAL) to LAL-reactive glucans. J. Clin. Microbiol. 1991, 29, 2477–2483. [Google Scholar] [CrossRef]

	



Cohen, J.; McConnell, J. Observations on the measurement and evaluation of endotoxemia by a quantitative limulus lysate microassay. J. Infect. Dis. 1984, 150, 916–924. [Google Scholar] [CrossRef]

	



Pearson, F. Detection of endotoxin in the plasma of patients with gram-negative bacterial sepsis by the Limulus amoebocyte lysate assay. J. Clin. Micro. 1985, 21, 865–868. [Google Scholar] [CrossRef]

	



Piya, M.K.; Harte, A.L.; McTernan, P.G. Metabolic endotoxaemia: Is it more than just a gut feeling? Curr. Opin. Lipidol. 2013, 24, 78–85. [Google Scholar] [CrossRef]

	



Amar, J.; Burcelin, R.; Ruidavets, J.B.; Cani, P.D.; Fauvel, J.; Alessi, M.C.; Chamontin, B.; Ferriéres, J. Energy intake is associated with endotoxemia in apparently healthy men. Am. J. Clin. Nutr. 2008, 87, 1219–1223. [Google Scholar] [CrossRef]

	



Laugerette, F.; Pineau, G.; Vors, C.; Michalski, M.C. Endotoxemia Analysis by the Limulus Amoebocyte Lysate Assay in Different Mammal Species Used in Metabolic Studies. J. Anal. Bioanal. Tech. 2015, 6, 4. [Google Scholar] [CrossRef]

	



Gnauck, A.; Lentle, R.G.; Kruger, M.C. The Limulus Amebocyte Lysate assay may be unsuitable for detecting endotoxin in blood of healthy female subjects. J. Immunol. Methods 2015, 416, 146–156. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organisation. BMI Classification. 2006. Available online: http://apps.who.int/bmi/index.jsp?introPage=intro_3.html. (accessed on 1 March 2020).

	



Tremellen, K.; McPhee, N.; Pearce, K.; Benson, S.; Schedlowski, M.; Engler, H. Endotoxin-initiated inflammation reduces testosterone production in men of reproductive age. Am. J. Physiol. Endocrinol. Metabol. 2018, 314, E206–E213. [Google Scholar] [CrossRef] [PubMed]

	



Tremellen, K.; Mcphee, N.; Pearce, K. Metabolic endotoxaemia related inflammation is associated with hypogonadism in overweight men. Basic Clin. Androl. 2017, 27, 5. [Google Scholar] [CrossRef] [PubMed]

	



Meugnier, E.; Vidal, H.; Vors, C.; Laville, M.; Michalski, M.-C.; Pesenti, S.; Laugerette, F.; Pineau, G.; Drai, J.; Malpuech-Brugère, C. Postprandial Endotoxemia Linked With Chylomicrons and Lipopolysaccharides Handling in Obese Versus Lean Men: A Lipid Dose-Effect Trial. J. Clin. Endocrinol. Metabol. 2015, 100, 3427–3435. [Google Scholar] [CrossRef]

	



Lopez-Moreno, J.; Garcia-Carpintero, S.; Gomez-Delgado, F.; Jimenez-Lucena, R.; Vals-Delgado, C.; Alcala-Diaz, J.F.; Roncero-Ramos, I.; Rangel-Zuñiga, O.A.; Yubero-Serrano, E.M.; Malagon, M.M.; et al. Endotoxemia is modulated by quantity and quality of dietary fat in older adults. Exp. Gerontol. 2018, 109, 119–125. [Google Scholar] [CrossRef]

	



Moreno-Navarrete, J.M.; Ortega, F.; Serino, M.; Luche, E.; Waget, A.; Pardo, G.; Salvador, J.; Ricart, W.; Frühbeck, G.; Burcelin, R.; et al. Circulating lipopolysaccharide-binding protein (LBP) as a marker of obesity-related insulin resistance. Int. J. Obes. 2011, 36, 1442. [Google Scholar] [CrossRef]

	



Bos, N.A.; Meeuwsen, C.G.; De Visser, H.; Benner, R. Clonal analysis of the synergistic mitogenic effect of lipopolysaccharide and dextran sulphate on B cell activation, growth, differentiation into Ig-secreting cells. Immunobiology 1988, 176, 301–312. [Google Scholar] [CrossRef]

	



Czop, J.K.; Puglisi, A.V.; Miorandi, D.Z.; Austen, K.F. Perturbation of beta-glucan receptors on human neutrophils initiates phagocytosis and leukotriene B4 production. J. Immunol. 1988, 141, 3170–3176. [Google Scholar]

	



Moore, J.N.; Cook, J.A.; Morris, D.D.; Halushka, P.V.; Wise, W.C. Endotoxin-induced procoagulant activity, eicosanoid synthesis, and tumor necrosis factor production by rat peritoneal macrophages: Effect of endotoxin tolerance and glucan. Circ. Shock. 1990, 31, 281–295. [Google Scholar]

	



Lyte, J.M.; Gabler, N.K.; Hollis, J.H. Postprandial serum endotoxin in healthy humans is modulated by dietary fat in a randomized, controlled, cross-over study. Lipids Health Dis. 2016, 15, 186. [Google Scholar] [CrossRef]

	



Komuro, T.; Murai, T.; Kawasaki, H. Effect of sonication on the dispersion state of lipopolysaccharide and its pyrogenicity in rabbits. Chem. Pharm. Bull. 1987, 35, 4946–4952. [Google Scholar] [CrossRef]

	



Yajima, Y.; Fukuda, I.; Otsuki, M.; Suzuki, H.; Ota, S.; Ishii, M.; Mori, K.; Goto, Y. Endotoxemia in liver diseases: Detection by a quantitative assay using chromogenic substrate with perchloric acid pretreatment. J. Exp. Med. 1985, 147, 411–419. [Google Scholar] [CrossRef] [PubMed]

	



Caroff, M.; Karibian, D. Structure of bacterial lipopolysaccharides. Carb. Res. 2003, 338, 2431–2447. [Google Scholar] [CrossRef] [PubMed]

	



Pais de Barros, J.-P.; Gautier, T.; Sali, W.; Adrie, C.; Choubley, H.; Charron, E.; Lalande, C.; Le Guern, N.; Deckert, V.; Monchi, M.; et al. Quantitative lipopolysaccharide analysis using HPLC/MS/MS and its combination with the limulus amebocyte lysate assay. J. Lipid Res. 2015, 56, 1363–1369. [Google Scholar] [CrossRef] [PubMed]

	



Newhall, K.J.; Diemer, G.S.; Leshinsky, N.; Kerkof, K.; Chute, H.T.; Russell, C.B.; Rees, W.; Welcher, A.A.; Patterson, S.D.; Means, G.D. Evidence for Endotoxin Contamination in Plastic Na+-Heparin Blood Collection Tube Lots. Clin. Chem. 2010, 56, 1483–1491. [Google Scholar] [CrossRef]

	



Sturk, A.; Joop, K.; ten Cate, J.W.; Thomas, L.L. Optimalization of a chromogenic assay for endotoxin in blood. Prog. Clin. Biol. Res. 1985, 189, 117–137. [Google Scholar]

	



Roth, R.I.; Levin, F.C.; Levin, J. Optimization of detection of bacterial endotoxin in plasma with the Limulus test. J. Lab. Clin. Med. 1990, 116, 153–161. [Google Scholar]

	



Levin, J.; Tomasulo, P.A.; Oser, R.S. Detection of endotoxin in human blood and demonstration of an inhibitor. J. Lab. Clin. Med. 1970, 75, 903–911. [Google Scholar]

	



Harris, H.W.; Grunfeld, C.; Feingold, K.R.; Rapp, J.H. Human very low density lipoproteins and chylomicrons can protect against endotoxin-induced death in mice. J. Clin. Investig. 1990, 86, 696–702. [Google Scholar] [CrossRef]

	



Uddin, T.; Aktar, A.; Xu, P.; Johnson, R.A.; Rahman, M.A.; Leung, D.T.; Afrin, S.; Akter, A.; Alam, M.M.; Rahman, A.; et al. Immune Responses to O-Specific Polysaccharide and Lipopolysaccharide of Vibrio cholerae O1 Ogawa in Adult Bangladeshi Recipients of an Oral Killed Cholera Vaccine and Comparison to Responses in Patients with Cholera. Am. J. Trop. Med. Hygiene. 2014, 90, 873–881. [Google Scholar] [CrossRef]

	



Dullah, E.C.; Ongkudon, C.M. Current trends in endotoxin detection and analysis of endotoxin–protein interactions. Crit. Rev. Biotech. 2017, 37, 251–261. [Google Scholar] [CrossRef] [PubMed]

	



Su, W.; Ding, X. Methods of Endotoxin Detection. J. Lab. Automation. 2015, 20, 354–364. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 10 00428 g001 550] 





Figure 1. Polynomial model of reaction time vs. endotoxin concentration. Figure shows polynomial standard curve fit: For the fitted log-log linear model r = −0.996, slope = −0.214, y intercept = 3.026, coefficient of variation (CV%) = 2.02%. 
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Figure 2. The effect of heat treatment, deactivation time, and dilution on serum endotoxin levels analyzed by the limulus amebocyte lysatehttps://en.wikipedia.org/wiki/Limulus_amebocyte_lysate (LAL) assay. 
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Figure 3. The relationship between LPS (with sample pre-treatment of 80 °C, 30 mins, 1:200 dilution) and LBP. Lipopolysaccharide (LPS), Lipopolysaccharide binding protein (LBP), r = −0.278, p = 0.381, CI95 (−0.916–0.381). 
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Table 1. Percentage of samples meeting inclusion criteria for analysis using the LAL assay.
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Sample Pre-Treatment




	

	

	
70 °C/15 Mins

	
70 °C/30 Mins

	
80 °C/15 Mins

	
80 °C/30 Mins




	

	

	
Sample

	
PPC

	
Sample

	
PPC

	
Sample

	
PPC

	
Sample

	
PPC




	
Dilution

	

	
CV

	
Rec

	
CV

	
CV

	
Rec

	
CV

	
CV

	
Rec

	
CV

	
CV

	
Rec

	
CV






	
1:50

	
%

	
100

	
40

	
100

	
100

	
33

	
100

	
100

	
33

	
100

	
100

	
40

	
100




	
range

	
(1–8)

	
(28–62)

	
(1–6)

	
(1–4)

	
(35–188)

	
(1–5)

	
(1–4)

	
(37–67)

	
(1–15)

	
(1–6)

	
(37–67)

	
(1–8)




	
1:75

	
%

	
100

	
46

	
100

	
100

	
46

	
100

	
100

	
47

	
100

	
100

	
53

	
100




	
range

	
(1–9)

	
(24–69)

	
(1–7)

	
(1–4)

	
(35–62)

	
(1–4)

	
(1–10)

	
(26–83)

	
(2–9)

	
(1–4)

	
(37–67)

	
(1–6)




	
1:100

	
%

	
100

	
53

	
100

	
100

	
46

	
100

	
100

	
53

	
100

	
100

	
60

	
100




	
range

	
(1–6)

	
(38–96)

	
(1–10)

	
(1–23)

	
(22–90)

	
(1–3)

	
(1–10)

	
(24–103)

	
(2–6)

	
(1–14)

	
(35–93)

	
(1–8)




	
1:200

	
%

	
100

	
46

	
100

	
100

	
46

	
100

	
100

	
100

	
100

	
100

	
87

	
100




	
range

	
(1–3)

	
(28–72)

	
(1–4)

	
(1–4)

	
(32–110)

	
(1–5)

	
(1–5)

	
(50–131)

	
(2–7)

	
(1–7)

	
(19–103)

	
(1–8)








n = 15 healthy males. Rec; recovery. Samples were prepared in duplicate and their percentage coefficient of variation (%CV) reported. Additionally, spiked positive product controls (PPC) were prepared for each sample in duplicate. The recovery for the PPC and the %CV for the duplicate is reported.
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