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                                                                                                                        Abstract

                                                            Adherent neutrophils on vascular endothelium positively contribute to cell-cell aggregation and vaso-occlusion in sickle cell disease. In the present study, we demonstrated that pyridoxamine, a derivative of vitamin B6, might be a therapeutic agent to alleviate intravascular cell-cell aggregation in sickle cell disease. Using real-time intravital microscopy, we found that one oral administration of pyridoxamine dose-dependently increased the rolling influx of neutrophils and reduced neutrophil adhesion to endothelial cells in cremaster microvessels of sickle cell disease mice challenged with hypoxia-reoxygenation. Short-term treatment also mitigated neutrophil-endothelial cell and neutrophil-platelet interactions in the microvessels and improved the survival of sickle cell disease mice challenged with tumor necrosis factor-α. The inhibitory effects of pyridoxamine on intravascular cell-cell interactions were potentiated by co-treatment with hydroxyurea. We observed that long-term (5.5 months) oral treatment with pyridoxamine significantly diminished the adhesive function of neutrophils and platelets and down-regulated the expression of E-selectin and intercellular adhesion molecule-1 on the vascular endothelium in tumor necrosis factor-α-challenged sickle cell disease mice. Ex vivo studies revealed that the surface amount of αMβ2 integrin was significantly decreased in stimulated neutrophils isolated from sickle cell disease mice treated with pyridoxamine-containing water. Studies using platelets and neutrophils from sickle cell disease mice and patients suggested that treatment with pyridoxamine reduced the activation state of platelets and neutrophils. These results suggest that pyridoxamine may be a novel therapeutic and a supplement to hydroxyurea to prevent and treat vaco-occlusion events in sickle cell disease.

                                                            
                                                            Introduction
Sickle cell disease (SCD) is an inherited autosomal recessive disorder caused by a Glu6Val mutation in β-globin, resulting in hemolysis of red blood cells (RBC), oxidative stress, and chronic inflammation.1 Recurrent vaso-occlusion (VOC) is the hallmark of SCD and is mediated by intravascular cell-cell adhesion and aggregation. VOC is a crucial trigger for severe pain crisis and acute chest syndrome, a common complication and cause of death in SCD patients.1,2 Hydroxyurea (HU) and L-glutamine are the only US Food and Drug Administration-approved medications for treating SCD. However, SCD patients undergoing HU therapy still suffer from VOC-mediated events, and 25-50% of patients do not respond to this drug with an adequate increase in fetal hemoglobin (HbF).3,4 A recent phase III study has shown that, compared to the placebo control, treatment with L-glutamine reduces the number of pain crises in SCD patients.5 In this trial, however, patients on both L-glutamine therapy and HU still experienced pain crises, and this underscores the need for new therapies for SCD.
Adherent neutrophils on endothelial cells (EC) are a key contributor to cell-cell aggregation and VOC in SCD.6-8 Clinical studies with crizanlizumab (a blocking antibody against P-selectin) demonstrated that inhibition of leukocyte- EC interactions prevents vaso-occlusive pain crises in SCD patients.9,10 Nevertheless, complete blockade of leukocyte-EC contact might impair the immune response. Because of the contribution of activated platelets to cellcell aggregation and VOC, antiplatelet drugs including P2Y12 antagonists (e.g. prasugrel and ticagrelor) have been tested in clinical trials for the treatment of VOC in SCD patients. A phase III study, however, revealed that prasugrel does not decrease the rate of VOC-mediated pain crises in children and adolescents with SCD.11 Furthermore, antiplatelet drugs increase the risk of major bleeding.12 Thus, there remains a need for safer and more efficacious therapeutics that ameliorate intravascular cell-cell aggregation and VOC-mediated conditions in SCD.
Pyridoxamine, a derivative of vitamin B6, scavenges reactive oxygen species (ROS) and toxic carbonyls and inhibits the formation of advanced glycation end products (AGE).13,14 Preclinical studies suggest that long-term treatment with pyridoxamine inhibits the progression of renal disease and hyperlipidemia in diabetic rats15 and reduces adherence of uropathogenic E. coli to the bladder in diabetic mice.16 Furthermore, a phase II study demonstrated that oral administration of pyridoxamine has benefits for creatinine clearance and the level of urinary transforming growth factor-β1 (TGF-β1) in patients with type 1 and type 2 diabetic nephropathy.17 In contrast, another clinical study did not show any benefit of pyridoxamine treatment on serum creatinine concentration in patients with type 2 diabetic nephropathy after 1 year of therapy.18 No or minimal adverse events of pyridoxamine were observed in clinical studies.17,18 Intriguingly, the plasma concentration of AGE is elevated under oxidative stress conditions and is associated with organ complications in SCD patients.19
We therefore tested the effect of pyridoxamine on intravascular cell-cell interactions and VOC in SCD. We found that short- and long-term oral administration of pyridoxamine reduces neutrophil recruitment to the cremaster venular wall of SCD mice challenged with hypoxia/reoxygenation (H/R) or tumor necrosis factor-α (TNF-α) and improved survival. The beneficial effects of pyridoxamine were enhanced when HU was co-administered to SCD mice. We observed that pyridoxamine reduced the activation state and/or adhesiveness of neutrophils, platelets, and EC in SCD mice without affecting the plasma levels of AGE and nitric oxide (NO). These results suggest that pyridoxamine could be beneficial as a stand-alone therapeutic agent and in combination with HU to prevent and treat VOC-mediated events in SCD patients.
Methods
The University of Illinois Institutional Animal Care and Use Committee approved all animal care and experimental procedures. All patients enrolled in this study provided informed consent. The collection and use of blood samples for laboratory analysis were approved by the Institutional Review Board of the University of Illinois at Chicago.
In vivo intravital microscopy
Intravital microscopy was performed as previously described.20,21 For short-term treatment, pyridoxamine was given to SCD mice 3 hours (h) before in vivo imaging, given a previous report showing that the half-life of pyridoxamine is around 1.5 h in rats after oral administration.15 SCD mice were placed into a hypoxic chamber (8% O2) for 3 h, followed by oral administration of vehicle (saline) or different doses of pyridoxamine (10-100 mg/kg BW). After 3 h of reoxygenation at room temperature, mice were anesthetized with ketamine and xylazine, and the cremaster muscle was exposed for intravital microscopy. In some experiments, vehicle or pyridoxamine was given orally to SCD mice before intraperitoneal (ip) injection of TNF-α (500 ng). Three hours after TNF-α injection, mice underwent intravital microscopy.
To assess the effect of long-term treatment with pyridoxamine, mice were given acidic water (pH 4.0) with or without pyridoxamine (2 g/L) for 5.5 months as previously described,15,22 starting at 2 weeks after bone marrow transplantation (BMT). Body weight and complete blood counts were measured every other week. After 5.5-months of treatment, the mice were challenged with H/R or ip injection of TNF-α as described above. Platelets and neutrophils were monitored by infusion of DyLight 488-conjugated anti-CD42c (0.1 µg/g BW) and Alexa Fluor 647-conjugated anti-Ly-6G antibodies (0.1 µg/g BW), respectively, through a jugular cannula. Fluorescence and bright-field images were recorded using an Olympus BX61W microscope with a 60x1.0 NA water immersion objective lens and a high-speed camera (ORCAFlash4.0 V3, C13440-20CU, Hamamatsu). Data were analyzed using SlideBook 6 (Intelligent Imaging Innovations). Since the cremaster venules with a diameter of <10 µm were mostly occluded, as assessed by absence of circulating RBC, the dynamics of intravascular cell-cell adhesion/accumulation were monitored in the venules with a diameter of 25-40 µm. Five to eight vessels were randomly chosen in each mouse. The numbers of rolling (cells per minute) and adherent neutrophils (cells per 5 minutes) were counted in the field of view (221.45 µm x 221.45 µm). The rolling velocity of neutrophils was also measured. Time “0” was set as the image capture was initiated at each vessel. To determine the kinetics of platelet accumulation, the integrated median fluorescence intensity values of the anti-CD42c antibody were normalized to the number of adherent neutrophils and the length of vessels, and plotted as a function of time. The experiments were performed in a single-blind fashion in which the investigators did not know the treatment allocation of the mice.
Further details of the methods used are provided in the Online Supplementary Appendix.
Statistical analysis
Data were analyzed using GraphPad Prism 7 by Student’s t-test, Mann-Whitney U test, ANOVA with Dunnett’s or Tukey’s test, Kruskal-Wallis test with post-hoc Dunn correction, and Mantle- Cox log-rank test (survival curve). P<0.05 was considered statistically significant.
Results
One oral administration of pyridoxamine reduces neutrophil-endothelial cell interactions in the cremaster venules of sickle cell disease mice challenged with hypoxia/reoxygenation
Red blood cell sickling under hypoxic conditions leads to hemolysis, cell-cell aggregation, and VOC in SCD patients.23 Similarly, H challenge results in RBC sickling and sickle hemoglobin (HbS) polymerization in Berkeley mice, and subsequent R conditions induce acute VOC events.20,24 We and others have demonstrated that adherent neutrophils on activated EC support adhesion of other blood cells, including sickle RBC and platelets,6,20,25,26 and that H/R challenge induces intravascular cell-cell interactions and VOC events in SCD mice.20,27 To test the effect of short-term treatment with pyridoxamine on cell-cell interactions in SCD, different doses of pyridoxamine (10-100 mg/kg BW) were given orally to SCD mice after H challenge (8% O2 for 3 h), followed by R (at room temperature for another 3 h) (Figure 1A). Using intravital microscopy, we found that compared to the vehicle control, pyridoxamine, in a dose-dependent manner, enhanced the rolling influx of neutrophils and decreased neutrophil adhesion to EC in H/R-challenged SCD mice (Figure 1B-D and Online Supplementary Videos 1-4). Pyridoxamine at the highest dose (100 mg/kg BW) markedly enhanced the cumulative frequency of the rolling velocity of neutrophils (***P<0.001 vs. saline) (Figure 1E). Platelets adhered to both neutrophils and EC in the microvessels of H/R-challenged SCD mice, and pyridoxamine treatment did not affect the number of adherent platelets (Figure 1F). Most SCD mice in all groups survived for the duration of the study (Figure 1G). Since aged neutrophils, defined by upregulated CXCR4/αMβ2 and down-regulated L-selectin on the surface, positively contribute to inflammatory conditions in SCD,8 we tested whether pyridoxamine affects neutrophil aging in SCD mice. As assessed by CXCR4high and L-selectinlow in flow cytometry, the percentage of aged neutrophils was maximal around 3 pm with a 14-hour light and 10-hour dark cycle, and one oral administration of pyridoxamine (100 mg/kg BW) had no significant effect on neutrophil aging (Online Supplementary Figure S1). These results indicate that a single oral administration of pyridoxamine attenuates neutrophil-EC interactions in the microvessels of H/R-challenged SCD mice without affecting neutrophil aging.
[image: ]

Figure 1.A single oral administration of pyridoxamine inhibits neutrophil-endothelial cell (EC) interactions in the cremaster venules of hypoxia/reoxygenation (H/R)-challenged sickle cell disease (SCD) mice. SCD mice were placed into a hypoxic chamber (8% O2) for 3 hours (h) and treated with oral administration of vehicle or different doses of pyridoxamine (10, 30 or 100 mg/kg BW). After reoxygenation, intravital microscopy was performed as described in the Methods section. Neutrophils (red) and platelets (green) were visualized by infusion of Alexa Fluor 647-conjugated anti-Ly-6G and DyLight 488-conjugated anti-CD42c antibodies, respectively. (A) Timeline for H/R challenge, pyridoxamine treatment, surgery, in vivo imaging, and recording survival times. (B) Representative images. Time “0” was set as when image capture began on each vessel. White dotted lines indicate the vessel wall; large arrows indicate direction of blood flow. Different colored small arrows indicate individual rolling neutrophils over 20 seconds. Bar = 10 µm. (C and D) The number of rolling and adherent neutrophils. (E) Cumulative frequency of the rolling velocity of neutrophils. (F) Number of platelets adherent to neutrophils and EC was counted. Data represent the mean±standard deviation (SD) (n=36-45 venules in 6-7 mice per group). (G) Survival curves of SCD mice during or after intravital microscopy. *P<0.05, **P<0.01, and ***P<0.001 versus vehicle control, ANOVA with Tukey’s test (C and D) and Kruskal-Wallis test with post-hoc Dunn correction (E).
[image: ]

Figure 2.A single oral administration of pyridoxamine reduces intravascular cell-cell interactions in the cremaster venules of tumor necrosis factor (TNF)-α-challenged sickle cell disease (SCD) mice and improves their survival. SCD mice were treated with oral administration of vehicle or pyridoxamine (100 mg/kg BW) before intraperitoneal injection of TNF-α. Three hours later, intravital microscopy was performed as described in Figure 1. (A) Timeline for pyridoxamine treatment, TNF-α injection, imaging, and recording survival times in SCD mice. (B) Representative images. Neutrophils and platelets are shown in red and green, respectively. Time “0” was set as when image capture began on each vessel. Large arrows indicate direction of blood flow; different colored small arrows indicate individual rolling neutrophils over 30 seconds. Bar = 10 µm. (C and D) The number of rolling and adherent neutrophils. (E) Integrated median fluorescence intensity values of anti-CD42c antibodies (F platelets) were plotted over time. Data represent the mean±standard deviation (n=33-47 venules in 6 mice per group). (F) Survival curves of SCD mice during or after intravital microscopy. ****P<0.0001 versus vehicle control, Student’s t-test (C and D) and Mantel-Cox log-rank test (F).
One oral administration of pyridoxamine reduces interactions of neutrophils with endothelial cells and platelets in the venules of sickle cell disease mice challenged with tumor necrosis factor-α and improves survival
We have demonstrated that blocking neutrophil-EC and neutrophil-platelet interactions mitigates acute VOC events in microvessels and improves the survival of TNF-α-challenged SCD mice.20,21,28 Compared to H/Rchallenge, TNF-α challenge in SCD mice induces a more severe inflammatory condition under which most neutrophils stably adhere to the vessel wall, supporting platelet adhesion.20 Thus, we use the TNF-α model to assess the effect of pyridoxamine on neutrophil rolling and adhesion and neutrophil-platelet interactions (Figure 2A). Compared to the vehicle control, a single oral administration of pyridoxamine (100 mg/kg BW) significantly increased the rolling influx of neutrophils and reduced the number of adherent neutrophils on the inflamed EC (Figure 2B-D and Online Supplementary Videos 5 and 6). Platelets mainly attached to adherent neutrophils but not inflamed EC in TNF-α-challenged SCD mice, and pyridoxamine treatment inhibited adhesion and accumulation of platelets on adherent neutrophils as assessed by the fluorescence intensity of an anti-CD42c antibody (Figure 2E). Importantly, survival times for TNF-α-challenged SCD mice were prolonged after a single oral administration of pyridoxamine, compared to the control (P=0.05) (Figure 2F). Median survival time for mice treated with vehicle and pyridoxamine was 4.7 and 6 h after TNF-α injection, respectively. No beneficial effects were observed when 30 mg/kg BW of pyridoxamine was administered orally (data not shown). These results suggest that a single oral administration of pyridoxamine effectively mitigates neutrophil-EC and neutrophil-platelet interactions in microvessels and improves the survival of SCD mice under severe inflammatory conditions.
Co-treatment with hydroxyurea enhances the inhibitory effect of pyridoxamine on neutrophil rolling and adhesion in the venules of tumor necrosis factor-α-challenged sickle cell disease mice
We reported that intravenous and oral administration of HU and an AKT inhibitor, compared to each drug alone, has immediate benefits for acute VOC events and the survival of TNF-α-challenged SCD mice.20,28,29 Therefore, we sought to test whether co-administration of HU and pyridoxamine potentiates the inhibitory effect on intravascular cell-cell interactions in SCD. Since a single oral administration (250 mg/kg BW) of HU reduces leukocyte adhesion to the venular wall of SCD mice,28,30 we tested the combined effect of 250 mg/kg BW of HU and 100 mg/kg BW of pyridoxamine in TNF-α-challenged SCD mice (Figure 3A). Compared to vehicle or HU alone, pyridoxamine or the combination of both treatments increased the rolling influx of neutrophils on the venules of SCD mice (Figure 3B). In contrast, the rolling velocity of neutrophils was faster in the groups treated with HU alone or both HU and pyridoxamine than those treated with vehicle or pyridoxamine alone (Figure 3C). These results suggest that pyridoxamine and HU are likely to inhibit neutrophil rolling on EC through distinct mechanisms. Treatment with either HU or pyridoxamine significantly reduced neutrophil adhesion to the vessel wall, and the inhibitory effect was enhanced when both were administered (Figure 3D). We found that platelet-neutrophil interactions were abrogated by treatment with each drug or in combination, compared to the vehicle control (Figure 3E). Furthermore, compared to the vehicle control, treatment with HU, pyridoxamine, or both significantly improved the survival of TNF-α-challenged SCD mice (Figure 3F). Median survival time for mice treated with vehicle, HU, pyridoxamine, and both drugs was 4.4, 5.6, 5.8, and 6 h after TNF-α injection, respectively.
The interactions between EC E-selectin and neutrophil receptors initiate neutrophil rolling, whereas binding of neutrophil β2 integrins, such as αLβ2 and αMβ2, to EC ICAM-1 results in stable neutrophil adhesion and crawling during vascular inflammation.31 Therefore, we determined whether HU and pyridoxamine affect the expression of these molecules on the vessel wall of cremaster muscles taken from the SCD mice after intravital microscopy. We found that compared to the vehicle control, short-term treatment with HU alone or both HU and pyridoxamine, but not pyridoxamine alone, significantly decreased the expression of E-selectin (Figure 3G-I). ICAM-1 expression was further reduced in SCD mice treated with both drugs, compared to HU or pyridoxamine alone. Since the increased levels of soluble EC-derived adhesion molecules, including selectins and ICAM-1, are associated with organ dysfunction and mortality in SCD patients,32 we also measured the plasma levels of soluble E-selectin and ICAM-1. Oral administration of pyridoxamine or both HU and pyridoxamine significantly reduced the level of soluble ICAM-1 but not E-selectin in SCD mice (Figure 3J and K). Treatment with HU alone had no inhibitory effect, as reported previously.33 In addition, we evaluated the plasma levels of inflammatory cytokines, IL-1β and IL-6. We found that HU or pyridoxamine alone, or the combination of the two markedly decreased the level of IL-1β but not IL-6 (Figure 3L and M), supporting the anti-inflammatory effect of each drug. These results suggest that the combination of pyridoxamine and HU has synergistic effects in reducing neutrophil-EC interactions in TNF-α- challenged SCD mice.
Long-term treatment with pyridoxamine attenuates neutrophil-endothelial cell interactions in the venules of tumor necrosis factor-α-orhypoxia/ reoxygenation-challenged sickle cell disease mice
To test the effect of long-term oral administration of pyridoxamine on VOC events, SCD mice were given acidic water or pyridoxamine supplemented in drinking water for 5.5 months, starting at 2 weeks after BMT (Figure 4A). Water consumption was equivalent between the two groups, and long-term treatment with pyridoxamine did not influence body weight, the number of RBC or leukocytes, hematocrit, or the amount of Hb (Online Supplementary Figure S2A-E). Although in a normal range, platelet counts were significantly lower in SCD mice drinking pyridoxamine-containing water, compared to the control, during the first 2-2.5 months (Online Supplementary Figure S2F), and there was no difference in numbers between the two groups thereafter. Also, there was no difference in urine osmolality between the two groups (Online Supplementary Figure S3). As assessed by intravital microscopy, compared to the control, long-term treatment with pyridoxamine significantly increased the rolling influx and velocity of neutrophils and decreased the number of adherent neutrophils on the inflamed venules in TNF-α-challenged SCD mice (Figure 4B-D). Platelet-neutrophil interactions were also slightly reduced with pyridoxamine treatment (Figure 4E). Compared to the control, long-term treatment with pyridoxamine improved the survival of TNF- α-challenged SCD mice (P=0.063) (Figure 4F). The median survival time for mice treated with acidic water and pyridoxamine-containing water was 5.3 and 6 h after TNF-α injection, respectively.
Endothelial dysfunction, activated coagulation, and proinflammatory conditions contribute to organ damage in SCD.1 To assess the preventive effect of long-term treatment with pyridoxamine on tissue damage, liver, spleen, and kidney were obtained from SCD mice after intravital microscopy. There was no noticeable organ damage in unchallenged or TNF-α-challenged SCD mice treated with acidic water or pyridoxamine-containing water for 5.5 months after BMT (Figure 4G and H). This may result from the age of SCD mice (6-7 months after BMT) since a recent paper shows that severe organ damage in SCD mice is detected 12 months after BMT.34 Nevertheless, TNF-α-enhanced leukocyte recruitment to the hepatic vessel wall was significantly reduced by long-term treatment of SCD mice with pyridoxamine (Figure 4I).
When intravital microscopy was performed in H/Rchallenged SCD mice, long-term treatment with pyridoxamine exhibited a significant increase in the rolling influx of neutrophils and a decrease in neutrophil adhesion to the venule wall when compared to the control (Online Supplementary Figure S4A and B). However, there was no difference in the number of platelets adherent to neutrophils and EC or in the percentage of RBC sickling induced by H/R challenge between the two groups (Online Supplementary Figure S4C and D). These results suggest that long-term treatment with pyridoxamine, like short-term treatment, reduces neutrophil adhesiveness in TNF-α- or H/R-challenged SCD mice.
Long-term treatment with pyridoxamine down-regulates the expression of E-selectin and ICAM-1 on endothelial cell and reduces the surface amount of αMβ2 integrin on activated neutrophils
To determine whether long-term treatment with pyridoxamine affects the expression of EC E-selectin and ICAM-1 and their levels in circulation, immunohistochemistry was conducted using the cremaster muscle and an enzyme-linked immunosorbent assay was performed with the plasma from TNF-α-challenged SCD mice after intravital microscopy. We found that the expression of E-selectin and ICAM-1 was slightly but significantly down-regulated on the vascular endothelium in SCD mice drinking pyridoxamine-containing water compared to those drinking the control water (Figure 5A-C). However, long-term treatment with pyridoxamine did not affect the levels of soluble E-selectin and ICAM-1 in SCD mice (Figure 5D and E). In addition, the plasma levels of IL-1β and IL-6 were not reduced by long-term treatment with pyridoxamine (Figure 5F and G).
We further tested whether long-term treatment with pyridoxamine alters the activation state of neutrophils in SCD mice. Neutrophils were isolated from female SCD mice treated with control or pyridoxamine-containing water, followed by flow cytometry to assess activation markers, including membrane translocation of αMβ2 integrin, L-selectin shedding, and reactive oxygen species (ROS) production.6,35 Compared to the control group, pyridoxamine treatment significantly decreased the surface amount of αMβ2 integrin, a receptor required for the interaction of neutrophils with EC and platelets, after agonist stimulation, whereas it did not affect L-selectin shedding and ROS production (Figure 5H-J). These results imply that pyridoxamine attenuates degranulation of αMβ2 integrin from activated neutrophils, reducing cell adhesiveness.
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Figure 3.Coadministration of hydroxyurea (HU) and pyridoxamine effectively inhibits intravascular cell-cell interactions in the venules and improves the survival of tumor necrosis factor (TNF)-α-challenged sickle cell disease (SCD) mice. Intravital microscopy with TNF-α-challenged SCD mice was performed as described in Figure 2. (A) Timeline for HU (250 mg/kg BW) and pyridoxamine (100 mg/kg BW) treatment, TNF-α injection, imaging, and recording survival times. (B) Number of rolling neutrophils. (C) Cumulative frequency of the rolling velocity of neutrophils. (D) Number of adherent neutrophils. (E) Integrated median fluorescence intensity values of anti-CD42c antibodies (F platelets) were plotted over time. (F) Survival curves of SCD mice during or after intravital microscopy. Data represent the mean±standard deviation (SD) (n=40-59 venules in 7-8 mice per group). (GI) Following intravital microscopy, the cremaster muscle was taken and fixed for immunohistochemistry. Sections of the muscle were stained for E-selectin, ICAM-1 and PECAM-1. Blue: DAPI. (G) Representative images. Bar = 10 µm. (H and I) Mean fluorescence intensity (MFI) values of E-selectin and ICAM-1 expression (n=10-19 venules in 3-4 mice per group). (J-M) Levels of E-selectin, ICAM-1, IL-1β, and IL-6 were measured in the plasma isolated from SCD mice after recording survival times. Data represent the mean±SD. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001, ANOVA with Tukey’s test (B, D, H-M), Kruskal-Wallis test with post-hoc Dunn correction (C), and Mantel-Cox log-rank test (F).
Long-term treatment with pyridoxamine does not affect the plasma levels of advanced glycation end products and nitric oxide
It is reported that pyridoxamine inhibits AGE formation and scavenges ROS.13,14 To measure the plasma levels of AGE, we isolated the plasma from TNF-α-challenged male SCD mice after intravital microscopy and from female SCD mice treated with control or pyridoxaminecontaining water. We found that pyridoxamine treatment did not affect the plasma AGE levels between male and female mice and no difference was observed between SCD and non-transplanted Berkeley mice (Hbb-/-, 6-7 months old) and between hemizygous control (Hbb+/-) and non-transplanted Berkeley mice (Figure 5K). These results suggest that the inhibitory effects of pyridoxamine are not caused by the inhibition of AGE formation in SCD mice.
Enhanced oxidative stress reduces NO availability and is a key trigger to induce tissue damage in SCD patients.1 Thus, we measured the plasma level of nitrites/nitrates (NOx) in SCD mice after long-term treatment with pyridoxamine. Compared with the control mice, pyridoxamine- treated SCD mice did not enhance NOx levels (Figure 5L). We observed that the NOx levels in SCD mice were significantly higher than hemizygous control and Berkeley mice.20 These results suggest that the beneficial effects of pyridoxamine is not derived from scavenging ROS and imply that the result of NOx levels in SCD mice should be interpreted with caution.
Pyridoxamine reduces the activation state of platelets and neutrophils from sickle cell disease mice and patients in vitro
To test whether pyridoxamine affects platelet adhesive function, we performed an in vitro aggregation assay with platelets isolated from SCD mice. Compared to the vehicle control, treatment of platelets with 1 mM pyridoxamine significantly inhibited aggregation and adenosine triphosphate (ATP) secretion induced by thrombin or a collagenrelated peptide (CRP), a glycoprotein VI-specific agonist (Figure 6A-D). Similar inhibitory effects were observed in platelets isolated from WT mice (Online Supplementary Figure S5A and B). As a control, vitamin B6 did not display any inhibitory effect (Online Supplementary Figure S5C and D). We found that compared to vehicle and vitamin B6, treatment of SCD mouse platelets with pyridoxamine inhibited αIIbβ3 integrin activation and ROS production without affecting P-selectin exposure following thrombin stimulation (Figure 6E-G). Similar results were obtained with WT mouse platelets (Online Supplementary Figure S6). To evaluate the clinical significance of the beneficial effect, we further tested pyridoxamine in platelets from SCD patients. Compared to the vehicle control, pretreatment with 1 mM pyridoxamine significantly inhibited P-selectin exposure and αIIbβ3 activation but not ROS generation in activated platelets (Figure 6H-J). These results suggest that pyridoxamine reduces the activation state and adhesive function of platelets in SCD. The different inhibitory effects in SCD mouse and human platelets, however, remain to be determined.
We then tested whether pyridoxamine treatment affects neutrophil activation. Consistent with the results from the ex vivo studies (Figure 5H), pretreatment of SCD mouse neutrophils with 1 mM pyridoxamine reduced the surface amount of αMβ2 integrin after fMLP stimulation compared with vehicle and vitamin B6 controls (Figure 6K). Lselectin shedding on activated neutrophils was inhibited by both pyridoxamine and vitamin B6 as compared with the vehicle control (Figure 6L). However, ROS production during neutrophil activation was not affected by pyridoxamine (Figure 6M). In contrast, pretreatment of neutrophils isolated from SCD patients with pyridoxamine, compared to the vehicle control, reduced ROS generation but did not affect the surface amount of αMβ2 and L-selectin following agonist stimulation (Figure 6N-P). Although the different effect of pyridoxamine in mouse and human neutrophils should be further investigated, these results suggest that pyridoxamine reduces neutrophil activation in SCD.
Discussion
Intravascular cell-cell aggregation directly contribute to VOC in SCD.20,25,36,37 In this study, we demonstrate that short- and long-term oral administration of pyridoxamine significantly reduces intravascular cell-cell interactions in the microvessels of H/R- or TNF-α-challenged SCD mice and improves survival. The beneficial effects are enhanced when pyridoxamine is co-administered with HU. Mechanistically, pyridoxamine reduces the activation state of neutrophils and platelets from SCD mice and patients. These results suggest that pyridoxamine might be repurposed to prevent and treat acute VOC events in SCD. Nevertheless, we are aware that although statistically significant, the inhibitory effect of pyridoxamine itself on cell-cell interactions is weak to moderate after shortand long-term treatment in SCD mice. Therefore, its efficacy should be carefully tested in a future study with SCD patients.
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Figure 4.Long-term treatment with pyridoxamine impairs neutrophil adhesive function in venules of tumor necrosis factor (TNF)-α-challenged sickle cell disease (SCD) mice. Male (A-P and T-U) and female (Q-U) SCD mice were given acidic water or pyridoxamine (2 g/L) in the drinking water, starting at 2 weeks after bone marrow transplantation and continued for 5.5 months. Intravital microscopy with TNF-α-challenged SCD mice was performed as described in Figure 2. (A) Timeline for the treatment with acidic or pyridoxamine-containing water, TNF-α injection, imaging, and recording survival times. (B) Rolling influx of neutrophils. (C) Cumulative frequency of the rolling velocity of neutrophils. (D) Number of adherent neutrophils. (E) Integrated median fluorescence intensity values of anti-CD42c antibodies (F platelets) were plotted over time. (F) Survival curves of SCD mice during or after intravital microscopy. Data represent the mean±standard deviation (SD) (n=58-62 venules in 7-8 mice per group). (G-I) Kidney, spleen, and liver were obtained from unchallenged or TNF-α-challenged SCD mice treated with acidic water or pyridoxamine- containing water after recording the survival time. (G) Representative hematoxylin and eosin staining. Bar=50 µm. (H) Glomerular size. (I) Number of adherent leukocytes on the hepatic vessel wall. Data represent the mean±SD (n=7 mice per group). **P<0.01, ***P<0.001, and ****P<0.0001, Student’s t-test (B, D, H, and I), Mann-Whitney U test (C), and Mantel-Cox log-rank test (F).
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Figure 5.Long-term treatment with pyridoxamine reduces the expression of E-selectin and ICAM-1 on endothelial cells (EC) and decreases the surface amount of neutrophil αMβ2 integrin. (A-C) Immunihistochemistry was performed as described in Figure 3. Bar = 10 μm. Data represent the mean±standard deviation (SD) (n=29-36 venules in 5 mice per group). (D-G) Levels of E-selectin, ICAM-1, IL-1β, and IL-6 were measured in the plasma from SCD mice after recording the survival time. (H-J) Neutrophils were isolated from female SCD mice treated with control or pyridoxamine-containing water. Surface amounts of αMβ2 integrin and L-selectin and ROS generation were assessed by flow cytometry. (K-L) Plasma was isolated from TNF-α-challenged male SCD mice after intravital microscopy and from female SCD mice treated with control or pyridoxamine-containing water. Hbb-/- : non-transplanted Berkeley mouse; Hbb+/- : hemizygous control. Plasma levels of advanced glycation end products (AGE) and nitrogen oxides (NOx) were measured as described in the Methods section. Data represent the mean±SD (n=4-9 mice per group). *P<0.05, **P<0.01, and ***P<0.001, Student’s t-test (B-G) and ANOVA with Tukey’s test (H-L).
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Figure 6.Pyridoxamine treatment inhibits the activation state of platelets and neutrophils isolated from sickle cell disease (SCD) mice and patients. Platelets isolated from SCD mice (A-G) and patients (H-J) were pretreated with 1 mM pyridoxamine, followed by stimulation with 0.05 U/mL thrombin or 3.5 µg/mL collagen related peptide. (A and C) Representative traces of platelet aggregation and quantitative graphs. (B and D) Adenosine triphosphate secretion was monitored with a luciferin/luciferase reagent and are shown as % of control at the end of the time point. (E-J) Flow cytometry was performed to assess P-selectin exposure, αIIbβ3 activation and reactive oxygen species (ROS) generation. Neutrophils isolated from SCD mice (K-M) and patients (N-P) were pretreated with 1 mM pyridoxamine, followed by incubation with fMLP. Flow cytometry was carried out to determine the surface amounts of αMβ2 and L-selectin and ROS production. Data represent the mean±standard deviation (n=3-5). *P<0.05 and **P<0.01 versus vehicle control, Student’s t-test.
Although short-term pyridoxamine treatment significantly increases the rolling influx of neutrophils in H/R- or TNF-α-challenged SCD mice, the rolling velocity of neutrophils was faster in H/R- but not in TNF-α-challenged mice with pyridoxamine treatment (Figures 1 and 3). This discrepancy might result from the difference in severity of the inflammatory conditions between the two models. Since our in vivo studies used (transplanted) SCD mice that would be less inflammatory compared to (non-transplanted) Berkeley mice with lifelong inflammation, the TNF-α model may better represent the inflammatory condition in SCD. Furthermore, our finding that short-term treatment with pyridoxamine does not affect E-selectin expression but inhibits ICAM-1 expression on the TNF-α-inflamed venular wall (Figure 3G-I) implies that pyridoxamine treatment increases neutrophil rolling due to decreased adhesiveness on EC. It should be noted that co-administration of pyridoxamine and HU enhances the inhibitory effect of each drug on the adhesive function of neutrophils. HU exhibits its clinical benefit through multiple mechanisms, including inducing HbF production, lowering the number of circulating leukocytes and reticulocytes, increasing NO production, and reducing phosphatidylserine exposure.38,39 Given the synergistic effect, pyridoxamine is likely to act distinctly from HU without compromising the beneficial effect, providing evidence that pyridoxamine could be a supplement to HU therapy for patients with SCD.
After oral administration, pyridoxamine is converted to other forms of vitamin B6, including pyridoxal phosphate,40,41 which has been reported to inhibit platelet function.42 However, there is a limit to the conversion of pyridoxamine to other forms of vitamin B6. For example, when 40-140 nmol of pyridoxamine was given to mice, the major B6 vitamer in the blood (>40%) was pyridoxamine itself.40,41 Since the saturation doses used in the pharmacokinetic studies are significantly lower than the doses used in our in vivo study (10-100 mg/kg BW, approximately 1-10 µmol per 25 g mouse), the dose-dependent effects (Figure 1) are likely due to increasing concentrations of pyridoxamine rather than other vitamin B6 derivatives.
Pyridoxamine can trap reactive carboxyl intermediates that lead to the formation of AGE, which contribute to the pathophysiology of retinal and renal lesions in diabetes.43 Previous studies demonstrated that pyridoxamine inhibits the progression of diabetic nephropathy in mice and rats.15,44,45 In support of the preclinical studies, a phase II study with patients with type 1/2 diabetic nephropathy reveals that compared to placebo, oral administration of pyridoxamine (50 or 250 mg) twice daily for 24 weeks significantly reduces the levels of serum creatinine and urinary TGF-β1.17 However, another study with patients with proteinuric type 2 diabetic nephropathy shows that pyridoxamine (150 or 300 mg twice daily) does not significantly decrease the concentration of serum creatinine after 1 year of therapy,18 making the beneficial effect of pyridoxamine in diabetic nephropathy controversial. Our intravital microscopy with SCD mice demonstrates that long-term treatment with pyridoxamine attenuates neutrophil and platelet adhesive functions and improves mice survival (Figure 4). Although the increased levels of plasma and skin AGE are reported to be associated with oxidative stress and organ complications in SCD patients,19,46 our ex vivo studies reveal there is no difference in plasma AGE levels between 6-month old hemizygous control and Berkeley mice, and that these remain unchanged after pyridoxamine treatment (Figure 5K). These results imply that the beneficial effects of pyridoxamine in SCD result from a mechanism distinct from inhibiting AGE formation. Furthermore, there were no signs of tissue damage in the liver, kidney, and spleen of SCD mice 6-7 months after BMT. Thus, further studies with older Berkeley and SCD mice are required to investigate the plasma level of AGE and organ damage, and to examine the effect of pyridoxamine.
Previous studies showed that pyridoxamine inhibits platelet aggregation induced by ADP or both collagen and Isoketal.42,47,48 However, whether it affects platelet activation remains to be explored. Furthermore, the effect of pyridoxamine on neutrophil function remains unknown. Our studies have shown that pyridoxamine treatment partially impairs the activation state and/or adhesiveness of platelets and neutrophils from SCD mice and patients (Figure 6). Since platelet αIIbβ3 integrin plays a role in platelet-neutrophil interactions in vivo,21 decreased αIIbβ3 activation by pyridoxamine in both SCD mouse and human platelets could account for the decreased cell-cell interaction in TNF-α-challenged SCD mice (Figures 2-4). In addition, our finding that pyridoxamine treatment reduces the surface amount of neutrophil αMβ2 integrin in mouse neutrophils (Figures 5H and 6K),49 is consistent with the impaired platelet-neutrophil interactions in SCD mice (Figures 2-4). Our results suggest that pyridoxamine may block a specific signaling pathway(s) during activation of platelets and neutrophils in SCD. In support of this speculation, we found that pretreatment of platelets and neutrophils isolated from SCD mice with pyridoxamine inhibits phosphorylation of AKT following agonist stimulation (Online Supplementary Figure S7). Nevertheless, we cannot fully explain why pyridoxamine has a different effect on platelets and on neutrophils isolated from SCD patients and mice. It is noteworthy that unlike SCD patients, Berkeley mice do not have mural thrombi, large vessel vasculopathy, cerebral infarcts, or hemorrhagic strokes.50 These results suggest that compared to patients, SCD mice are less inflammatory and their blood cells might be less activated. Therefore, the different activation state of blood cells might influence the pyridoxamine effect. Furthermore, a different source of neutrophils used in this study (blood neutrophils from patients vs. bone marrow neutrophils from mice) might be the reason for the discrepancy.
Drugs targeting the activation and adhesion of leukocytes and platelets, coagulation, and inflammation are being tested in clinical studies on the prevention and treatment of VOC-mediated pain crises in SCD patients.1,51 In recent phase II studies, the leading drugs, rivipansel and crizanlizumab, were reported to reduce time to resolution of VOC events and requirement for opioid analgesia in SCD patients.9,10 However, complete inhibition of leukocyte- EC contacts might disrupt the innate immune response. For this reason, the phase II clinical trial of rivapansel excluded patients with fever.10 Our results demonstrate the inhibitory effects of short- and long-term treatment with pyridoxamine on the adhesive function of neutrophils and platelets in the microvessels of SCD mice. Since previous clinical studies have shown no or minimal adverse events of pyridoxamine in patients with diabetic nephropathy,17,18 our results suggest that further investigations into the use of pyridoxamine to prevent and treat acute VOC-mediated crises in SCD patients undergoing HU therapy are warranted.
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