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Abstract

:

Plasma samples obtained from stroke patients treated with recombinant tissue-type plasminogen activator (rt-PA) and not treated with rt-PA were evaluated with different HPLC methodologies to obtain information about the possible release of small molecules as a result of the thrombolytic treatment. Plasma samples, without derivatization and derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC), were evaluated with a HPLC gradient method, which consisted of a mobile phase of 10 mM ammonium acetate buffered solution (pH = 5.3) and acetonitrile. Three different detection methods were applied: UV, fluorescence, and ESI-MS. The results obtained showed that a group of new highly hydrophilic compounds appeared in most samples analyzed from treated patients, just after the administration of rt-PA. These compounds appeared shortly after the administration of the drug and were detected during the first 24 h after treatment, disappearing from plasma after this time. These new compounds were not detected either in controls or in non-treated stroke patients, which suggests that they were released into the plasma as a consequence of the thrombolytic effect of the drug. Our results suggest that these new compounds might be free glycans. The use of AQC as a derivatizing reagent has demonstrated that the new compounds detected cannot contain primary or secondary amine groups in their structure. The molecular mass determined by ESI-MS (821 Da) suggests that if these compounds are free glycans they might be a high-mannose type.
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1. Introduction


Human tissue plasminogen activator (t-PA) is a glycosylated serine protease with three N-linked glycosylation sites (Asn117, Asn184, and Asn448) [1]. Type I t-PA is glycosylated at the three positions, whereas type II lacks a carbohydrate at position 184 [1]. As other glycoproteins, t-PA can be manufactured using biotechnology techniques as recombinant tissue-type plasminogen activator (rt-PA). Thrombolysis with intravenous rt-PA, given within the first 4.5 h of onset, is currently the most commonly administered fibrinolytic medical therapy for patients with acute ischemic stroke [2,3].



Recombinant biological drugs are produced from nonhuman cells but must have a human-like glycosylation pattern [4]. This is important because protein–carbohydrate interactions play a participatory role in many processes affecting disease progression [5]. In the case of both rt-PA and native t-PA, the structure of the Asn-linked oligosaccharides carries primarily high-mannose and hybrid type glycans at Asn117, while more complex type N-glycans are most abundant at Asn184 and Asn448 [1,6,7,8,9]. In a recent study, it was found that these glycans may also contain mannose 6-phosphate at the Asn448 in both recombinant and native t-PA [8]. Glycosylation is one of the most complex and common protein posttranslational modifications, linking carbohydrates to proteins, that exhibits significant roles in protein functions [10]. Characterization of a protein’s glycans after they are released from glycoproteins is very common, and different methodologies, based on high-performance liquid chromatography (HPLC), mass spectrometry (MS), and LC-MS, have been developed to facilitate a glycoscience study [11]. Usually, the analysis of glycans involves preliminary cleavage of these compounds at the protein glycosylation site using chemical/chemo-enzymatic methodologies, followed by subsequent derivatization with fluorescent labels for fluorescence detection, due to the lack of an exploitable chromophore in natural glycans and the anomeric mutual rotation at the reducing end [11,12,13]. Probably, the most common derivatization methodology applied before HPLC analysis for free-reducing glycans is reductive amination with fluorescent amines, being 2-aminopyridine (2-AP), 2-aminobenzamide (2-AB), 2-aminobenzoic acid, or anthranilic acid (2-AA), the most common fluorescent amines used. However, reductive amination also breaks the reducing end ring structure, which affects the glycan structural integrity. Permethylation is also a common derivatization method, where glycan hydrogens are replaced with methyl groups to increase hydrophobicity of the glycan and allowing efficient separation on a reversed phase C18 column [14]. However, both derivatization methodologies can be interfered by detergents and salts during protein denaturation, requiring extra purification steps before derivatization [15]. For these reason, other derivatization reagents, such as 6-aminoquinolyl-N-hydroxysuccinimideyl carbamate (AQC), have been proposed. AQC derivatization is a different derivatization mechanism as this reagent binds to free amino groups, as the alpha-amino group of the N-terminal amino acid (N-acetylglucosamine monomeric unit). This derivatization reagent presents the advantage that is not interfered by salts or detergents [16].



Each type of derivatization induces different properties and modifies glycan retention on different chromatographic columns. Glycans can be separated using reversed phase, normal phase, and weak anion exchange columns and also with HILIC columns, except for the permethylated glycans [10]. Reversed phase chromatography is usually applied for derivatized glycans [17], but, in the case of native glycans, they cannot be efficiently retained on these types of columns, especially when the molecule is small and contains a high number of hydrophilic monomeric units [18]. Zhuo et al. described unexpected peak splitting for Man8 and Man9 due to weak interaction between the glycan and stationary phase [10].



The primary function of rt-PA in the treatment of ischemic stroke patients includes catalyzing the proteolytic conversion of plasminogen into plasmin, the primary enzyme involved in degrading insoluble fibrin to soluble by-products [19,20]. However, the use of rt-PA can also be associated with secondary effects that it can exacerbate brain edema and hemorrhage through a plasmin-mediated extrinsic pathway [21]. Different studies have demonstrated that rt-PA treatment changes the plasma degradomic profile in acute ischemic stroke patients, which usually differs from patients not receiving rt-PA [22,23]. Such reactivity suggests that during the fibrin assembly process fibrin(ogen) undergoes conformational changes, resulting in the exposure of its multiple interaction sites and modulation of various activities. The exposure of rt-PA and plasminogen-binding sites on fibrin represents a clear example demonstrating the importance of such conformational changes in the regulation of fibrinolysis [24]. Plasmin activity in vivo is restricted mainly to places of fibrin deposition, allowing effective dissolution of fibrin without proteolytic damage of other proteins, which occurs through interactions between newly exposed binding sites on fibrin and complementary sites of t-PA and plasminogen, resulting in the activation of plasminogen by t-PA and the localization of fibrinolysis [24].



The potentiation of fibrinogenolysis in the presence of fibrin is mediated by soluble fibrin degradation products (FDP), which are responsible for the ongoing fibrinogenolysis. FDP stimulates fibrinogenolysis by binding t-PA and plasminogen. It has been found that rt-PA-induced degradation of cross-linked fibrin can potentiate rt-PA-mediated fibrinogenolysis by providing a surface for t-PA and plasminogen binding, thereby promoting plasmin generation [25].



Taking into account these considerations, it is thought that some type of small soluble molecules might be released into blood due to the thrombolytic treatment. Some studies have confirmed that glycoproteins in cytosol may release significant amounts of soluble free glycans [26,27], which seems to be mainly derived from high mannose-type glycans. However, little study has been undertaken regarding their presence in human serum samples [28]. Therefore, the objective of this study is to assess whether liquid chromatography techniques might be useful in detecting whether small soluble molecules are formed in plasma samples obtained from ischemic stroke patients as a result of rt-PA treatment.




2. Materials and Methods


2.1. Subjects


A total of 108 patients with acute ischemic stroke within the first 4.5 h of evolution were included in the study. Of these, 88 patients (mean age 71 ± 13 years, 51% men) received rt-PA (between 22 and 290 min after beginning of stroke symptomatology; mean = 167 min, SD = 55 min), and 20 (77 ± 14 years, 60% men) did not receive the treatment due to different exclusion criteria for the administration of the drug. Forty healthy subjects were also included in the study as controls.



Clinical and neurological examination, as well as blood and coagulation tests were carried out at arrival at the emergency department. For the purposes of this study, neurological deficit was evaluated and quantified by certified neurologists using the National Institutes of Health Stroke Scale (NIHSS) score at admission (rt-PA-treated patients: mean = 12.9 ± 6.0, median = 13.0, interquartile range = 7.5–18.5; non-treated patients: mean = 10.6 ± 7.1, median = 12.0, interquartile range = 4.0–17.0) and at 24 h of evolution. In order to determine the possible association between the appearance of new compounds in plasma and the thrombolytic effect of rt-PA, early neurological improvement, which was defined as a decrease of ≥4 points on the NIHSS score at 24 h compared with the baseline assessment [29], was considered as a surrogate marker of this thrombolytic effect. All subjects, or their relatives when subjects were unable to sign for themselves, gave their informed consent to participate in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee.




2.2. Blood Sample Collection


Once obtained at arrival at the emergency department, blood samples were collected in EDTA BD Vacutainer tubes. Immediately after drawing, blood samples were processed to obtain plasma, aliquoted, and preserved at −80 °C until analysis.



For patients receiving thrombolytic treatment, blood samples were collected at admission (pre-rt-PA: time 0), and at different times post-rt-PA administration: 2 h (time 1), 6 h (time 2), 24 h (time 3), and 72 h (time 4) after rt-PA. For patients who did not receive thrombolytic treatment, blood samples were collected at admission (time 0), and 2 h (time 1) and 6 h (time 2) after admission. In treated patients, the rt-PA dose applied was 0.9 mg rt-PA/kg body weight (not to exceed 90 mg total treatment dose), infused over 60 min.




2.3. Chromatographic Analysis


As the main objective of this study was to assess whether new small soluble molecules were detected in blood after rt-PA treatment, plasma samples were first ultrafiltrated (UF) through 3 kDa centrifugal filters (Amicon Ultra-0.5 Centrifugal Filter Unit, Merck, Cork, Ireland), which limits the size of molecules that can be detected with the proposed methodology. This avoids the interference of proteins and other macromolecules in the chromatographic analyses. The purification of plasma samples is a significant issue in this type of matrix. When proteins are eliminated from the sample some of the less hydrophilic compounds may be bonded to proteins and be eliminated together with this fraction. UF was chosen in our case as previous studies have demonstrated that UF results in lower losses by adsorption on proteins that those due to co-precipitation with proteins using conventional protein precipitation methodologies using organic solvents or organic acids [30,31,32,33]. In the conditions applied, free amino acids present in plasma can also be analyzed with the proposed methodology when samples are derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) [30].



As other studies have shown that glycoproteins in cytosol may release significant amounts of soluble glycans [26,27], a preliminary hypothesis was that free glycans could be released into circulating blood during the thrombolytic process. Taking into account that N-glycosylation (attachment of N-acetylglucosamine, GlcNAc, to the nitrogen atom of an Asn side chain by a β-1N linkage) is common in glycoproteins, it could be expected that the linked conjugates contain a GlcNAc2 mannose (Man) core [34]. Therefore, pre-column derivatization of samples with AQC (AccQ·Tag derivatization kit, Waters Corp., Milford, MA, USA) was applied as this reagent enhances the sensitivity in the analysis of this type of N-glycans [35] and yields highly stable N-glycan derivatives, through urea linkage, within 5 min reaction under ambient conditions [16,35,36].



HPLC analysis of both derivatized and non-derivatized plasma samples was achieved using a Gemini-NX C18 column (250 mm × 4.6 mm, 5 μm) (Phenomenex, Torrance, CA, USA) thermostated at 40 °C. Two HPLC instruments were used: (i) a 1260 Infinity II LC System (Agilent Technologies, Santa Clara, CA, USA) with UV (detection at 254 nm) and fluorescence (FL, excitation at 250 nm and emission at 395 nm) detectors, and (ii) a 1200 LC System (Agilent Technologies, Santa Clara, CA, USA) coupled to an Esquire 6000 Ion Trap Mass Spectrometer (Bruker, Billerica, MA, USA).



A gradient elution with a binary mobile phase system was used to separate the compounds at a constant flow rate of 1.0 mL·min−1. Mobile phase A consisted of a buffer solution containing 10 mM ammonium acetate (pH = 5.3 ± 0.1, adjusted with TFA), while solution B consisted of acetonitrile/water (60:40, v/v). All solutions were filtered through 0.45 μm filters (Whatman, Buckinghanshire, UK) and degassed before use. In order to have the maximum separation power and information about the possible presence of hydrophilic compounds, the gradient applied started with a 100% aqueous solution and increased slowly to 6% acetonitrile over 25 min. For this reason, the gradient applied started at 100% A and was brought down as follows: 98% at 0.5 min, 93% at 15 min, 90% at 25 min, 74% at 45 min, 67% at 48 min, and 0% at 63 min where it was maintained for 7 min. A reconditioning time of 15 min with 100% solution A was needed between samples in order to obtain reproducible results with the proposed HPLC methodology.





3. Results


After analyzing derivatized plasma samples with HPLC-UV-FL, no qualitative differences were observed between samples obtained pre-rt-PA administration in the group of patients treated with this drug and those obtained from controls and non-treated patients. In all these samples, only the presence of derivatized amino acids was detected (group of peaks detected at retention times between 16 and 60 min in Figure 1a,b). However, at the first sampling point post-rt-PA (2 h after administration), a new group of peaks was observed at the beginning of the chromatograms in 70 (80%) out of the 88 patients who received thrombolysis. These new peaks were not detected using fluorescence detection (Figure 1b). A second HPLC analysis of the same plasma samples without preliminary derivatization confirmed that these peaks did not correspond to derivatized compounds, as the same new group of peaks was also found with the non-derivatized solutions using the UV detector (Figure 1c).



In the group of patients in whom we observed the new peaks just after rt-PA administration, the presence of these compounds was detected for a maximum of 24 h after treatment, and none were detected at time 4 (72 h after rt-PA). As can be seen from the time evolution profiles showed in Figure 2, the new compounds appeared shortly after rt-PA administration. In some cases, the maximum level was reached at the first sampling point taken after the treatment (2 h after), but in others, the maximum appeared after 6 h. Thereafter, there was always a decrease in the amounts detected, and they were never found after >24 h of treatment. No significant correlation was observed between the amount of the new compounds and the dose of rt-PA administered (median dose of rt-PA administered = 63.0 mg, interquartile range = [58.0,71.5]) (Figure 3, r = −0.178, p = 0.103).



In the group of patients that did not receive thrombolytic treatment, these new peaks were never detected at any of the different sampling points evaluated. In both this group of patients and the control group, only peaks corresponding to derivatized amino acids were observed.



In order to obtain more information about the possible structure of the newly detected compounds, derivatized plasma samples were also analyzed by HPLC with electrospray ionization-mass spectrometry (ESI-MS) detection. The MS results confirmed that the peaks detected between 16 and 60 min were the result of derivatized amino acids with the AQC reagent. The positive ion mode analysis of the new peaks detected after rt-PA administration showed the same mass spectra for all these peaks (Figure 4), with a main peak at m/z = 822, which could be associated to the protonated molecular ion [M+H]+. Other peaks were found at m/z = 844 ([M+Na]+), 860 ([M+K]+), and 804 (possible loss of a water molecule from the protonated molecular ion). A second group of peaks was observed at higher masses, which could be attributed to a dimmer formed during ionization: m/z = 1643 ([2M+H]+), 1665 ([2M+Na]+), and 1681 ([2M+K]+). The peak observed at m/z = 804 can be associated to a loss of a water molecule from the protonated molecular ion. The presence of this peak suggests that these compounds may be a type of carbohydrate since protonated underivatized carbohydrates can easily be decomposed through a dehydration reaction in ESI-MS [37]. Moreover, analyses by MS/MS confirmed that the fragmentation of the ion at m/z = 822 yields an ion at m/z = 804, due to the loss of a water molecule. The ESI-MS in negative mode only presented a peak at m/z = 934, which may be attributed to [M+TFA]-, with a molecular mass of 821 Da. These results suggest that all new compounds have the same molecular ion with 821 Da, and the detection of different peaks may be due to the presence of different isomers of this compound.



A second set of experiments was performed using a more concentrated buffer solution as mobile phase A (50 mM ammonium acetate). With this mobile phase, the same MS spectra was obtained in positive mode, plus a new peak at m/z = 839, which may be associated to [M+NH4]+ for the 821 Da molecular ion.



A significant correlation was found between the concentration of new compounds and the variation between NIHSS at 24 h and baseline (Figure 5, r = 0.216, p = 0.041). With regards to the association between the presence of new compounds in plasma and the neurological evolution of patients, 49 (70%) rt-PA-treated patients had early neurological improvement, whereas 21 (30%) did not (p = 0.026).




4. Discussion


New compounds detected in plasma samples after rt-PA administration could be associated to some of the components present in the recombinant drug other than the active ingredient (i.e., arginine, phosphoric acid, and polysorbate 80). However, different facts suggest that this in fact is not the case and rather that they might be the result of the interaction of the rt-PA with the clot. First, MS results are clearly not related to any of these compounds. In this respect, all samples from patients treated with rt-PA showed there was a significant increase in plasma arginine levels after rt-PA administration. This amino acid is necessary to help to solubilize rt-PA (3.5 g Arg/100 mg rt-PA), and so, high levels of this amino acid are administered to the patients receiving this treatment (up to 3.15 g of Arg) [38,39]. Second, the new peaks detected appeared in 70 of the treated patients (80%) but were not detected in the other 18 (20%), which suggests that these compounds are not present in the drug itself and supports the hypothesis that they may be the result of some type of interaction of the drug with the clot. Moreover, no significant correlation was obtained between the amount of the new compounds (determined from the peak area obtained) and the dose of rt-PA (Figure 3, r = −0.178, p = 0.103).



The new compounds found after rt-PA administration in the HPLC analyses using a reversed-phase (RP) stationary phase appeared at the front of the chromatograms, before the most polar amino acid peak, when the elution gradient contained >93% of mobile phase A (i.e., <4.2% acetonitrile in the gradient mixture). This suggests that these new compounds are highly hydrophilic, which agrees with the hypothesis that some glycans could be released during the interaction of rt-PA with the fibrin clot. Supporting this, Lareau et al. [40] analyzed glycans with RP-HPLC and found that non-derivatized free glycans elute with the initial aqueous solvent plug in typical RP-HPLC separations. Moreover, they also found that these compounds are not well separated with this chromatographic separation, a fact that was also observed in the present study (Figure 1a).



In our study, the use of two detectors, UV and FL, confirmed that the new peaks found did not correspond to derivatized compounds with AQC, as they were only observed with UV detection (Figure 1). These results suggest that the new compounds detected do not contain any primary or secondary amine in their structure. Therefore, they cannot contain N-acetylhexosamine (HexNAc), N-glycolylneuraminic acid (Neu5Gc), N-acetylneuramic acid (Neu5Ac), or sialic acid groups as all these molecules have amino groups and would have been detected in their derivatized form with AQC with the FL detector. As a consequence, in case that they are glycans, these compounds must be some type of terminal mannose residues. However, non-derivatized mannose residues have low intrinsic UV absorbance due to the lack of chromophore groups.



The study of plasma samples by MS poses additional challenges due to the inherent preference of alkali metal-coordinated compounds in endogenous biological matrices, especially in the case of non-derivatized glycans [40]. Therefore, although compounds are predominately ionized as protonated ions ([M+H]+), alkali metal-coordinated ions ([M+Na]+ or [M+K]+) can also be found in ESI-MS. This could explain the presence of peaks with m/z = 844 ([M+Na]+) and 860 ([M+K]+) in the HPLC-ESI-MS analysis, with a molecular mass of 821 Da. It should be noted that the peak corresponding to the ion [M+NH4]+ (m/z = 839) only appeared when the concentration of ammonium acetate was increased to 50 mM. Another result that suggests that the new compounds are isomers of some polysaccharides is the presence of a peak with a loss of a water molecule from the protonated molecular ion, which is common in the analysis of underivatized carbohydrates by ESI-MS [37].



Unfortunately, it has not been possible to associate the found peaks to any specific molecule. Despite this, some information can be extracted from the results obtained. First, the new molecules found are highly hydrophilic. Second, the molecular mass determined with the ESI-MS results (821 Da) suggests that if these compounds are free glycans, they must be high-mannose type, probably residues containing five hexoses, which always show limited interaction with an RP chromatographic column and are eluted at low percentages of acetonitrile [18,41]. In another study, Pabst et al. [42] analyzed fibrin(ogen) N-glycans from various species, including humans, and found that all fibrins contained diantennary N-glycans. Moreover, on analyzing different isomers of non-derivatized glycans using single ion monitoring MS, they detected α-Gal containing glycans with a total of five hexose residues at a mass/charge ratio of 822. Another study analyzing mixtures of maltose standards also found that Man5 residues appeared at m/z values between 800–850 [40].



Different studies have evaluated mannosidase activity in human serum when investigating the clearance of different glycoforms of a therapeutic antibody [43,44,45]. Chen et al. [43] concluded that the change in clearance rate of high mannose glycoforms was a result of glycan cleavage. Other studies also found that high mannose glycans were cleared faster than other glycans [44,45]. Yakolev et al. [24] found that although plasmin exhibits proteolytic activity toward many plasma proteins, its activity in vivo is restricted mainly to places of fibrin deposition, allowing effective dissolution of fibrin without proteolytic damage of other proteins. It was reported that this natural adaptation occurs through a number of orchestrated interactions between newly exposed binding sites on fibrin and complementary sites on t-PA and plasminogen, resulting in activation of plasminogen by t-PA and localization of fibrinolysis.



Some studies have analyzed glycan groups that are linked to glycosylated proteins in serum samples, through cleavage of oligosaccharides from glycosylated proteins, finding significant differences in the glycan patterns when comparing data from healthy subjects and patients [46,47,48,49,50,51].




5. Possible Clinical Implications


The lack of correlation between the detection of these new compounds and the dose of rt-PA administered, together with the fact that patients who did not receive thrombolytic treatment never presented these compounds, suggests that the formation of these compounds is not the result of an rt-PA dose-effect but the result of the rt-PA thrombolytic effect. Our study demonstrates a significant association between the presence of new compounds and the frequency of early neurological improvement, which may be related to thrombus dissolution and the corresponding clinical effects as a results of the rt-PA thrombolytic effect.




6. Conclusions


The results obtained in the present study show, for the first time, that new hydrophilic compounds are released into plasma after rt-PA administration to stroke patients. Despite not having been possible to associate the peaks found to specific molecules, the evolution of patients in whom these new compounds have been found allows us to hypothesize that they are released into plasma as a consequence of the thrombolytic effect of rt-PA. The molecular mass determined by ESI-MS (821 Da) suggests that if these compounds are free glycans, they might be a high-mannose type. However, more studies are needed to characterize these compounds and the mechanisms involved in their appearance in the plasma of rt-PA-treated stroke patients.
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Figure 1. HPLC-UV-FL chromatograms obtained in the analysis of a treated patient at time 1 (2 h after rt-PA): (a) Derivatized plasma sample with UV detection at 254 nm, (b) derivatized plasma sample with fluorescence detection, (c) non-derivatized plasma sample with UV detection, and (d) non-derivatized plasma sample with fluorescence detection. The dashed circle marks the new compounds detected. Individual standard solutions of each amino acid were used for the determination of the retention times of these compounds with UV and FL detection. The assignation was confirmed with the ESI-MS results obtained applying the HPLC-MS method for derivatized samples. 
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Figure 2. Time evolution profiles of the amount of the new compounds detected after the rt-PA administration (determined from the peak area obtained with the UV detector and normalized to the highest peak area measured for each patient). Quality control measurements were daily performed to assure the accuracy and reproducibility for UV and FL measurements. Each colored line corresponds to the results obtained for the same treated patient. 
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Figure 3. Correlation plot between the amount of new compounds detected and the administered dose of rt-PA (r = −0.178, p = 0.103). 
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Figure 4. ESI positive-ion mass spectrum of the new compounds detected; those with retention times between 12 and 15 min are shown in Figure 1. 
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Figure 5. Correlation plot between the variation of NIHSS score in treated patients after 24 h of rt-PA administration and the amount of new compounds detected at time 1 (2 h after rt-PA) (r = 0.216, p = 0.041). 
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