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Background

Lactoferrin, a type of glycoprotein, is contained in exocrine fluids such as tears, breast milk, sweat, and saliva, and is known to have anti-microbial, antioxidant, and anti-cancer effects. In the ophthalmological field, topical administration of lactoferrin has been reported to have a therapeutic effect in a murine dry eye model. Hypoxia-inducible factor (HIF) regulates various gene expressions under hypoxia, including vascular endothelial growth factor (VEGF), and is considered as an alternative target for neovascular ocular diseases such as age-related macular degeneration (AMD). We previously screened natural products and identified lactoferrin as a novel HIF inhibitor. In this study, we confirmed that lactoferrin has an HIF inhibitory effect and a therapeutic effect in a murine model of neovascular AMD.



Methods

HIF inhibitory effects of lactoferrin were evaluated using a luciferase assay and western blotting in vitro. The quantified volume of choroidal neovascularization (CNV) induced by laser irradiation was compared with oral lactoferrin administration or conditional tissue specific Hif1a knockout mice.



Results

Lactoferrin administration showed a significant HIF inhibitory effect in the retinal neuronal cells. Oral administration of lactoferrin or conditional Hif1a gene deletion significantly reduced CNV volume compared to controls.



Conclusions

Lactoferrin has a therapeutic effect in a laser CNV model by suppressing the retinal HIF activity.
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Introduction

Lactoferrin, a type of glycoprotein, is contained in exocrine fluids such as nasal exudate, bronchial mucus, breast milk, tears, sweat, and saliva (Iigo et al., 2009). The concentration of lactoferrin varies in different human body fluids. Milk is the most abundant source of lactoferrin, with human colostrum containing up to 7 g/l (Masson and Heremans, 1971). The concentration in tears is 2 mg/ml, whereas that in blood is normally only 1 μg/ml, although it can rise to 200 μg/ml in an inflammatory situation (Masson and Heremans, 1971). It is reported that lactoferrin is responsible for several anti-infective, immunological, and gastrointestinal actions in neonates, infants, and young children (Manzoni et al., 2018). Lactoferrin is also known to have several biological functions, including antioxidant, anti-microbial, and anti-cancer effects (Kanwar et al., 2015). It is reported that oral administration of bovine lactoferrin inhibits carcinogenesis in the colon and other organs in rats, and lung metastasis in mice (Iigo et al., 2009). In the ophthalmological field, lactoferrin eye drops have been reported to have a therapeutic effect in a murine dry eye model by suppressing oxidative stress (Higuchi et al., 2012; Higuchi et al., 2016).

Age-related macular degeneration (AMD) is a leading cause of blindness globally. It is roughly classified into two types; atrophic type (dry AMD) and neovascular type (wet AMD). Wet AMD is characterized by neovascularization, and vascular endothelial growth factor (VEGF) is known as a major contributor to the pathogenesis. While treatment for wet AMD with anti-VEGF drugs is established and widely clinically performed, there exist some concerns of adverse effects with long-term administration, such as chorioretinal atrophy (Grunwald et al., 2014; Maguire et al., 2016).

Hypoxia-inducible factors (HIFs) are key molecules regulating various gene expressions, including VEGF, which are required for cell survival under hypoxia. HIFs are transcriptional factors that are stabilized and activated under hypoxic conditions (Wang and Semenza, 1995). Under normoxic conditions, α-subunits of HIFs are hydroxylated by prolyl hydroxylase, ubiquitinated by von Hippel- Lindau (VHL) protein recognition, and degraded in the proteasome. Under hypoxic conditions, the activity of HIF-α prolyl hydroxylase decreases and HIF-αs are stabilized (Kaelin and Ratcliffe, 2008). We have previously revealed physiological and pathological roles of HIFs in the developmental and adult retina (Kurihara et al., 2010; Kurihara et al., 2011; Kurihara et al., 2016). Retinal pigment epithelium (RPE) cells are important to maintain homeostasis in the retina, and contribute to the pathogenesis of AMD (de Jong, 2006). RPE-specific conditional Vegf knockout mice show choriocapillaris loss, RPE and photoreceptor cell degeneration, and subretinal deposit accumulation resembling human AMD phenotypes (Kurihara et al., 2012; Kurihara et al., 2016). In contrast, RPE-specific Hif knockout mice show no pathological phenotypes morphologically and functionally, although both Vegf and Hif RPE-specific knockout mice have a significant and similar reduction of laser-induced choroidal neovascularization (CNV) mimicking wet AMD (Kurihara et al., 2012).

To identify dietary factors inhibiting HIF and examine the functions against ocular diseases, we have screened natural products and reported their therapeutic effects in animal models of retinal disorders (Kunimi et al., 2019a; Kunimi et al., 2019b; Miwa et al., 2019). We further screened natural products from another library and revealed that administration of Garcinia cambogia extract and its main ingredient hydroxycitric have HIF inhibitory effects, showing significant therapeutic effects in a murine laser-induced CNV model (Ibuki et al., 2019). Furthermore, another group also revealed that in vivo genome editing targeting HIF could suppress laser-CNV formation in mice, indicating that HIF inactivation in the retina may be a promising approach to treat the neovascular type of AMD (Kim et al., 2017).

From the screening test, we have identified lactoferrin can be a novel candidate to inhibit HIF. In this study, we confirmed that lactoferrin has an HIF inhibitory effect, especially in retinal neuronal cells. In addition, we revealed a pathological contribution of HIF, not only in RPE cells but also neuronal cells in sensory retina, by utilizing murine models of conditional gene deletion.



Materials and Methods


Animals

We performed all procedures in accordance with the National Institute of Health (NIH) guidelines for work with laboratory animals, the ARVO Animal Statement for the Use of Animals in Ophthalmic and Vision Research, and the Animal Research: Reporting in vivo Experiments (ARRIVE) guidelines. Our all animal procedures were approved by the Institutional Animal Care and Use Committee at Keio University. Wild-type C57BL6/J mice (CLEA Japan, Tokyo, Japan) and other transgenic mice were raised in an air-conditioned room maintained at 23 ± 3°C under a 12 h dark/light cycle, with free access to food and water.

Transgenic mice expressing Cre recombinase under Best1 [Best1-Cre mice, (Iacovelli et al., 2011)] or Chx10 promoter [Chx10-Cre mice, (Muranishi et al., 2011)] were mated with Hif1aflox/flox mice (Ryan et al., 1998) to obtain RPE or sensory retina specific Hif1a knockout mice, respectively. Hif1aflox/flox mice without the Cre transgene were used as the control. The genetic background of all transgenic mice used in this study was C57BL6/J.



Luciferase Assay

We performed a luciferase assay as previously described (Ibuki et al., 2019). The luciferase assay was performed using the murine cone photoreceptor cell line (661W) and the human RPE cell line (ARPE19). HIF-αs were induced by 200 μM CoCl2. Lactoferrin (FUJIFILM Wako Pure Chemical) was dissolved in MQ so that its concentration was 1 mg/mL, and was added into the growth medium at the same time as CoCl2. After the administration, cells were incubated for 24 h and the luciferase expression was quantified. We used a total of 100 μM of topotecan (Cayman Chemical, Ann Arbor, MI, USA) as a positive control for an HIF inhibitor, and a medium without CoCl2 and lactoferrin as a vehicle control.



Laser-Induced CNV

The laser irradiation was performed as previously described (Ibuki et al., 2019). We dilated the eyes of the mice and anesthetized them. We placed five laser spots (532 nm argon laser, 200 mW, 100 ms, 75 mm). We used the air bubble as an index of Bruch’s membrane disruption by laser irradiation and excluded laser spots without an occurrence of the air bubble from the data analysis. We also excluded laser spots with an occurrence of hemorrhage because those spots may vary in the development of CNV.



CNV Volume Measurement

We measured CNV volume as previously described (Ibuki et al., 2019). On the 7th day after the irradiation, we sacrificed the mice, and enucleated the eyeballs. The RPE-choroid-sclera complex was flat-mounted and stained with isolectin B4. We observed CNV with a laser microscope, generated three-dimensional images of the CNV, and measured the volume.



Administration of Lactoferrin to Mice

Lactoferrin was dissolved in PBS to a concentration of 1,600 mg/kg, and was administered to 3-week-old male mice 6 days/week for a total of 5 weeks. The control group was administered PBS. The mice were irradiated with a laser 4 weeks after the beginning of the administration.



Real-Time PCR

We performed real-time PCR as previously described (Ibuki et al., 2019). We extracted RNA from the ARPE19 cell line and the 661W cell lines. We calculated the relative amplification of the cDNA fragments using the 2-ΔΔCt method. Real-time PCR primer sequences were as follows: human Hif1a forward: TTCACCTGAGCCTAATAGTCC, human Hif1a reverse: CAAGTCTAAATCTGTGTCCTG; human Vegfa forward: TCTACCTCCACCATGCCAAGT, human Vegfa reverse: GATGATTCTGCCCTCCTCCTT; human Glut1 forward: CGGGCCAAGAGTGTGCTAAA, human Glut1 reverse: TGACGATACCGGAGCCAATG; human Pdk1 forward: ACAAGGAGAGCTTCGGGGTGGATC, human Pdk1 reverse: CCACGTCGCAGTTTGGATTTATGC; human Bnip3 forward: GGACAGAGTAGTTCCAGAGGCAGTTC, human Bnip3 reverse: GGTGTGCATTTCCACATCAAACAT; human Gapdh forward: TCCCTGAGCTGAACGGGAAG, human Gapdh reverse: GGAGGAGTGGGTGTCGCTGT; mouse Hif1a forward: GGTTCCAGCAGACCCAGTTA, mouse Hif1a reverse: AGGCTCCTTGGATGAGCTTT; mouse Vegfa forward: CCCTCTTAAATCGTGCCACC, mouse Vegfa reverse: CCTGTCCCTCTCTCTGTTCG; mouse Glut1 forward: CAGTTCGGCTATAACACTGGTG, mouse Glut1 reverse: GCCCCCGACAGAGAAGATG; mouse Pdk1 forward: GGCGGCTTTGTGATTTGTAT, mouse Pdk1 reverse: ACCTGAATCGGGGGATAAAC; mouse Bnip3 forward: GCTCCCAGACACCACAAGAT, mouse Bnip3 reverse: TGAGAGTAGCTGTGCGCTTC; mouse Gapdh forward: AGGAGCGAGACCCCACTAAC, and mouse Gapdh reverse: GATGACCCTTTTGGCTCCAC.



Western Blot

We performed Western Blot as previously described (Ibuki et al., 2019).

For in vitro experiments, we added 200 μM CoCl2 and 1 mg/mL lactoferrin to the ARPE19 cell line and 661W cell line. Six hours after the administration, we extracted protein from the cells and adjusted the protein concentration to 75 μg/30 μL.

For the in vivo experiments, we sacrificed the mice, and enucleated the eyes on the 3rd day after the laser irradiation. Six ocular samples from three mice were pooled per group. We adjusted the protein concentration to 55 μg/42 μL.

We incubated the membranes with rabbit monoclonal antibodies against HIF-1α, or mouse monoclonal antibodies against β-actin. We washed incubated the membranes with a horseradish peroxidase (HRP)-labeled secondary antibody for HIF-1α, or with a HRP-labeled secondary antibody for β-actin.



Statistics

We used a two-tail Student’s t-test for the comparison of two groups. To compare multiple groups, we used a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Probability values less than 0.05 was considered as being statistically significant. We expressed all results as the mean ± standard deviation.




Results


HIF Activation Was Suppressed by Lactoferrin Administration in a Luciferase Assay

We used 661W and ARPE19 to evaluate HIF activity with a luciferase assay. CoCl2 was added to activate HIF signaling. Topotecan was used as a positive control of the HIF inhibitor. Lactoferrin showed an HIF inhibitory effect compared with the control group in ARPE19 cells (Figure 1A) and 661W cells (Figure 1B). Luciferase activity may be affected by magnesium concentration. To examine whether the chelate activity of lactoferrin changes magnesium concentration in the medium, we measured magnesium concentration in the medium with or without lactoferrin and there was no significant change observed (Figure S4).




Figure 1 | Lactoferrin suppressed hypoxia-inducible factors (HIF) activation in a luciferase assay. (A) Administration of lactoferrin significantly suppressed CoCl2-induced HIF activation in ARPE19 cells. (B) Administration of lactoferrin significantly suppressed CoCl2-induced HIF activation in 661w cells. **p < 0.01, ***p < 0.001, compared with CoCl2 without topotecan and lactoferrin, n = 3.





Administration of Lactoferrin Downregulated Hif1a and Its Downstream Genes in 661W Cone Photoreceptor Cells

We examined how lactoferrin affects mRNA expression of Hif1a and its downstream genes. In general, HIF-1α was stabilized and significantly increased in protein level followed by upregulation of the downstream genes after CoCl2 administration. As a result of the negative feedback from the post translational protein modification, Hif1a was rather downregulated in mRNA level by CoCl2 administration (Ibuki et al., 2019). Accordingly, in ARPE19 cells, Hif1a was significantly downregulated by administration of CoCl2 although administration of lactoferrin did not affect Hif1a expression (Figure 2A). The downstream genes of HIFs, such as Pdk1, Vegfa, and Glut1 were upregulated by CoCl2. These gene expressions were not changed by lactoferrin administration (Figures 2B–D). In contrast, Pdk1, Vegfa, and Glut1 (Figures 3B–D) were downregulated significantly by lactoferrin administration in 661W cells. Lactoferrin did not affect HIF-1α protein expression increased by CoCl2 administration in ARPE19 cells (Figures 4A and S1A, B) and 661W cells (Figures 4B and S2A, B). These data suggested that HIF signaling is significantly suppressed by lactoferrin beyond protein expression in retinal neuronal cells.




Figure 2 | Hif1a and the downstream genes were not affected by lactoferrin administration in ARPR19 cells. (A) Hif1a was downregulated by CoCl2 administration in APRE19 cells. The downstream genes of HIFs, including (B) Pdk1, (C) Vegfa, and (D) Glut1 were upregulated by the administration of CoCl2, but not changed by lactoferrin administration in ARPE19 cells. *p < 0.05, compared with the control, n = 4–6.






Figure 3 | Hif1a and the downstream genes were affected by lactoferrin administration in 661W cells. (A) Hif1a was downregulated by CoCl2 administration in 661W cells. The downstream genes of HIFs, including (B) Pdk1, (C) Vegfa, and (D) Glut1 were upregulated significantly by the administration of CoCl2 and (B) Pdk1, (C) Vegfa, and (D) Glut1 were suppressed significantly by lactoferrin administration in 661W cells. **p <0.01, ***p <0.001, compared with the control. ##p <0.01, compared with CoCl2 without lactoferrin, n = 3–8.






Figure 4 | HIF-1α protein expression was not changed by lactoferrin administration in ARPE19 cells and 661W cells. (A) Western blot for HIF-1α and β -actin in ARPE19 cells. (B) Western blot for HIF-1α and β -actin in 661W cells.





Oral Administration of Lactoferrin Suppressed CNV Volume in the Laser CNV Model Mice

Lactoferrin was administered to the mice 6 days/week for a total of 5 weeks. We administered PBS for the vehicle group. We irradiated a laser 4 weeks after the beginning of the administration and evaluated the CNV volume on the seventh day after irradiation. A significant reduction in the CNV volume was observed in the lactoferrin group compared with the vehicle group (Figures 5A, B). We measured the body weight of the mice before and after administration, and there is no significant change observed between the vehicle- and lactoferrin-administrated groups (Figure 5C).




Figure 5 | Oral administration of lactoferrin suppressed laser-induced choroidal neovascularization (CNV) volume in mice. (A) Representative three-dimensional images of the CNV stained with isolectin B4 (IB4). (B) Quantification of the CNV volume. Note that the administration of lactoferrin significantly reduced the CNV volume compared with the vehicle group. Vehicle: 272.731 ± 239.573 μm3, lactoferrin: 175.2 ± 196.13 μm3, six mice for each, *p < 0.05. (C) The average of the body weight before and after administration. Note that there was no significant change between the two groups. n = 6.





Administration of Lactoferrin Suppressed HIF-1α Expression In Vivo

Lactoferrin dissolved in PBS was orally administered to the mice for a total of 31 days, and the mice were irradiated with a laser on the fourth week of administration. In the choroid (Figures 6A and S3A, B) and the retina (Figures 6B and S3C, D), HIF-1α protein was increased with the laser irradiation and suppressed by the administration of lactoferrin, even though the signal with the RPE/choroid tissue was weak (Figure 6A).




Figure 6 | HIF-1α protein expression is suppressed by lactoferrin administration in vivo. Western blot for HIF-1α with the tissue samples from the retinal pigment epithelium (RPE)/choroid (A) and the retina (B). Note that administration of lactoferrin suppressed HIF-1α expression, which increased with the laser irradiation in both the retina and RPE/choroid.





CNV Volume Was Reduced in Both RPE and Neural Retina Specific Hif1a Conditional Knockout Mice

To verify whether the CNV volume is regulated by HIF-1α expression, we examined the pathological phenotype in tissue specific Hif1a conditional knockout model mice. To target RPE cells or retinal neuronal cells specifically, we generated Hif1af/f; Best1-Cre mice and Hif1af/f; Chx10-Cre mice, respectively. As same as the previous report by utilizing VMD2-Cre mice (Kurihara et al., 2012), RPE specific Hif1a knockout mice showed a significant reduction of the CNV volume even with a different Cre transgenic mice line (Figures 7A, B). We also generated and examined sensory retina specific Hif1a knockout mice, showing a significant CNV reduction (Figures 8A, B). These data suggested that not only in RPE cells, but also in retinal neuronal cells, HIF-1α expression significantly affects CNV formation.




Figure 7 | A significant reduction of the CNV volume in RPE specific Hif1a conditional knockout mice. (A) Representative three-dimensional images of the CNV stained by IB4. (B) Quantification of the CNV volume. Note that the CNV volume in Hif1af/f; Best1-Cretg/- mice was significantly reduced compared with the control. Hif1af/f; Best1-Cre-/-: 256.14 ± 160.37 μm3, Hif1af/f; Best1-Cretg/-: 183.89 ± 91.26 μm3. Six mice for Hif1af/f; Best1-Cre-/- and Hif1af/f; Best1-Cretg/-, respectively. *p < 0.05. n = 6.






Figure 8 | A significant reduction of the CNV volume in neural retina specific Hif1a conditional knockout mice. (A) Representative three-dimensional images of the CNV stained by IB4. (B) Quantification of the CNV volume. Note that the CNV volume in Hif1af/f; CHX10-Cretg/- mice was significantly reduced compared with the control. Hif1af/f; CHX10-Cre-/-: 317.84 ± 282.97 μm3, Hif-1af/f; CHX10-Cretg/-: 214.74 ± 164.16 μm3. Six and four mice for Hif1af/f; CHX10-Cre-/- and Hif1af/f; CHX10-Cretg/-, respectively. *p < 0.05. n = 4–6.






Discussion

In this study, we revealed that lactoferrin has an HIF inhibitory effect in the 661W cone photoreceptor cell line, suppressing HIF activity and the downstream genes (Figures 1 and 3). The results of the luciferase assay indicated that lactoferrin potentially suppresses HIF activity in RPE cells as well; however, the suppressive effect was limited according to the downstream evaluation (Figure 2), indicating that this suppressive effect may be actuated in a cell type dependent manner.

Lactoferrin is an iron-binding protein which is a monomeric, 80-kDa glycoprotein, with a single polypeptide chain of about 690 amino acid residues. Its amino acid sequence relationships place it in the wider transferrin family (Baker and Baker, 2005). It is known that lactoferrin regulates the quantity of iron absorbed in the intestine via its role in iron transport, and it can chelate iron, directly or indirectly (Hao et al., 2019). Lactoferrin has been used as an adjuvant therapy for some intestinal diseases and is now used in nutraceutical supplemented infant formula and other food products (Hao et al., 2019). Lactoferrin also has other numerous biological roles, such as the modulation of immune responses and anti-microbial, anti-viral, antioxidant, anti-cancer, and anti-inflammatory activities (Hao et al., 2019).

Lactoferrin is also known to bridge innate and adaptive immune functions in mammals. It is a pleiotropic molecule that directly assists in the influence of presenting cells for the development of T-helper cell polarization (Actor et al., 2009). It has been reported that lactoferrin reduces oxidative stress-induced apoptosis (Actor et al., 2009), and that Streptococcus mutans and Vibrio cholerae, but not Escherichia coli, were killed by incubation with purified human apolactoferrin (Arnold et al., 1977). It has also been reported that lactoferrin injection inhibits staphylococcal kidney infections (Bhimani et al., 1999). Lactoferrin at high concentrations has an ability to promote growth and differentiation of the immature gut by enhancing proliferation of enterocytes and closure of enteric gap junctions, while at lower concentrations lactoferrin stimulates differentiation of enterocytes and expression of intestinal digestive enzymes (Buccigrossi et al., 2007). It has been reported that lactoferrin activates intestinal mucosal immunity in tumor-bearing mice (Wang et al., 2000). In addition, several in vitro studies have shown that lactoferrin is able to stimulate the growth of bifidobacteria; however, this effect is differentially exerted on different species and strains of bifidobacteria (Petschow et al., 1999; Liepke et al., 2002; Kim et al., 2004). In terms of anti-cancer effects, oral administration of bovine lactoferrin inhibits carcinogenesis in the colon and other organs in rats, and lung metastasis in mice (Iigo et al., 2009).

As described above, lactoferrin is known to have various roles. It has been reported that selenium-binding lactoferrin (Se-lactoferrin) eye drops suppress the upregulated expression of heme oxygenase-1, cyclooxygenase-2, matrix metallopeptidase-9, and interleukin-6, and also suppress 8-OHdG production in a murine dry eye model induced by surgical removal of the lacrimal glands (Higuchi et al., 2012). Se-lactoferrin eye drops have also been shown to have efficacy in a tobacco smoke exposure-induced rat dry eye model and a short-term rabbit dry eye model (Higuchi et al., 2016). It is also reported that oral lactoferrin administration preserves lacrimal gland function in aged mice by attenuating oxidative damage and suppressing subsequent gland inflammation (Kawashima et al., 2012). In the current study, we found that oral administration of lactoferrin has a therapeutic effect in a laser-induced CNV model mimicking the neovascular type of AMD (Figure 5). This result is consistent with the previous report that the CNV volume is significantly increased in lactoferrin gene knockout mice (Montezuma et al., 2015). It has been reported that HIF downstream genes were upregulated in a laser-irradiated RPE/choroid (Kurihara et al., 2012). Oral administration of lactoferrin suppresses the increased HIF-1α expression both in the RPE and the neural retina (Figure 6). Thus, there may be some dissociation of lactoferrin action against HIF-1α between in vitro and in vivo observations in the current experiments. We speculate that this is because lactoferrin may be metabolized in the body to directly suppress HIF-1α protein expression in the eye. We further confirmed that not only in the RPE (Figure 7), but also in the neural retina (Figure 8), HIF-1α expression significantly contributes to CNV formation. These results indicate that lactoferrin suppresses CNV formation by suppressing HIF-1α in PRE and the neural retina.

In conclusion, HIF-1α inactivation either in RPE or the neural retina can suppress CNV formation in a murine laser irradiation model. CNV formation is suppressed by oral administration of lactoferrin via HIF-1α inactivation in the RPE and neural retina. These results suggest a potential clinical use of lactoferrin in daily life to prevent AMD.



Data Availability Statement

All datasets generated for this study are included in the article/Supplementary Material.



Ethics Statement

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at Keio University.



Author Contributions

MI performed all the experiments. CS and YM established the experimental protocols. AI prepared the experimental materials. MI and TK contributed to the conception and design of the study. TK and KT supervised the project. All authors approved the final version for submission.



Funding

This work was funded by Grants-in-Aid for Scientific Research (KAKENHI, number 15K10881 and 18K09424) from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) to TK. This study was conducted with financial support from ROHTO Pharmaceutical. The authors declare that this study received funding from ROHTO Pharmaceutical (Osaka, Japan). The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



Acknowledgments

The authors thank K. Nishimaki, Y. Soejima, H. Aoyagi, and M. Shidomi at ROHTO Pharmaceutical Co. Ltd. for their critical discussion and H. Kunimi, K. Mori, S. Ikeda, X. Jiang, Y. Katada, Y. Hagiwara, K. Kurosaki, K. Takahashi, A. Kawabata, E. Yotsukura H. Torii, and N. Ozawa in the Laboratory of Photobiology, Keio University for their technical and administrative support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.00174/full#supplementary-material



References

 Actor, J. K., Hwang, S. A., and Kruzel, M. L. (2009). Lactoferrin as a natural immune modulator. Curr. Pharm. Des. 15 (17), 1956–1973. doi: 10.2174/138161209788453202

 Arnold, R. R., Cole, M. F., and McGhee, J. R. (1977). A bactericidal effect for human lactoferrin. Science 197 (4300), 263–265. doi: 10.1126/science.327545

 Baker, E. N., and Baker, H. M. (2005). Molecular structure, binding properties and dynamics of lactoferrin. Cell Mol. Life Sci. 62 (22), 2531–2539. doi: 10.1007/s00018-005-5368-9

 Bhimani, R. S., Vendrov, Y., and Furmanski, P. (1999). Influence of lactoferrin feeding and injection against systemic staphylococcal infections in mice. J. Appl. Microbiol. 86 (1), 135–144. doi: 10.1046/j.1365-2672.1999.00644.x

 Buccigrossi, V., de Marco, G., Bruzzese, E., Ombrato, L., Bracale, I., Polito, G., et al. (2007). Lactoferrin induces concentration-dependent functional modulation of intestinal proliferation and differentiation. Pediatr. Res. 61 (4), 410–414. doi: 10.1203/pdr.0b013e3180332c8d

 de Jong, P. T. (2006). Age-related macular degeneration. N. Engl. J. Med. 355 (14), 1474–1485. doi: 10.1056/NEJMra062326

 Grunwald, J. E., Daniel, E., Huang, J., Ying, G. S., Maguire, M. G., Toth, C. A., et al. (2014). Risk of geographic atrophy in the comparison of age-related macular degeneration treatments trials. Ophthalmology 121 (1), 150–161. doi: 10.1016/j.ophtha.2013.08.015

 Hao, L., Shan, Q., Wei, J., Ma, F., and Sun, P. (2019). Lactoferrin: major physiological functions and applications. Curr. Protein Pept. Sci. 20 (2), 139–144. doi: 10.2174/1389203719666180514150921

 Higuchi, A., Inoue, H., Kawakita, T., Ogishima, T., and Tsubota, K. (2012). Selenium compound protects corneal epithelium against oxidative stress. PloS One 7 (9), e45612. doi: 10.1371/journal.pone.0045612

 Higuchi, A., Inoue, H., Kaneko, Y., Oonishi, E., and Tsubota, K. (2016). Selenium-binding lactoferrin is taken into corneal epithelial cells by a receptor and prevents corneal damage in dry eye model animals. Sci. Rep. 6, 36903. doi: 10.1038/srep36903

 Iacovelli, J., Zhao, C., Wolkow, N., Veldman, P., Gollomp, K., Ojha, P., et al. (2011). Generation of Cre transgenic mice with postnatal RPE-specific ocular expression. Invest. Ophthalmol. Vis. Sci. 52 (3), 1378–1383. doi: 10.1167/iovs.10-6347

 Ibuki, M., Shoda, C., Miwa, Y., Ishida, A., Tsubota, K., and Kurihara, T. (2019). Therapeutic effect of garcinia cambogia extract and hydroxycitric acid inhibiting hypoxia-inducible factor in a murine model of age-related macular degeneration. Int. J. Mol. Sci. 20 (20). doi: 10.3390/ijms20205049

 Iigo, M., Alexander, D. B., Long, N., Xu, J., Fukamachi, K., Futakuchi, M., et al. (2009). Anticarcinogenesis pathways activated by bovine lactoferrin in the murine small intestine. Biochimie 91 (1), 86–101. doi: 10.1016/j.biochi.2008.06.012

 Kaelin, W. G. Jr., and Ratcliffe, P. J. (2008). Oxygen sensing by metazoans: the central role of the HIF hydroxylase pathway. Mol. Cell 30 (4), 393–402. doi: 10.1016/j.molcel.2008.04.009

 Kanwar, J. R., Roy, K., Patel, Y., Zhou, S. F., Singh, M. R., Singh, D., et al. (2015). Multifunctional iron bound lactoferrin and nanomedicinal approaches to enhance its bioactive functions. Molecules 20 (6), 9703–9731. doi: 10.3390/molecules20069703

 Kawashima, M., Kawakita, T., Inaba, T., Okada, N., Ito, M., Shimmura, S., et al. (2012). Dietary lactoferrin alleviates age-related lacrimal gland dysfunction in mice. PloS One 7 (3), e33148. doi: 10.1371/journal.pone.0033148

 Kim, W. S., Ohashi, M., Tanaka, T., Kumura, H., Kim, G. Y., Kwon, I. K., et al. (2004). Growth-promoting effects of lactoferrin on L. acidophilus and Bifidobacterium spp. Biometals 17 (3), 279–283. doi: 10.1023/b:biom.0000027705.57430.f1

 Kim, E., Koo, T., Park, S. W., Kim, D., Kim, K., Cho, H. Y., et al. (2017). In vivo genome editing with a small Cas9 orthologue derived from Campylobacter jejuni. Nat. Commun. 8, 14500. doi: 10.1038/ncomms14500

 Kunimi, H., Miwa, Y., Inoue, H., Tsubota, K., and Kurihara, T. (2019a). A novel HIF inhibitor halofuginone prevents neurodegeneration in a murine model of retinal ischemia-reperfusion. Int. J. Mol. Sci. 20 (13). doi: 10.3390/ijms20133171

 Kunimi, H., Miwa, Y., Katada, Y., Tsubota, K., and Kurihara, T. (2019b). HIF inhibitor topotecan has a neuroprotective effect in a murine retinal ischemia-reperfusion model. PeerJ 7, e7849. doi: 10.7717/peerj.7849

 Kurihara, T., Kubota, Y., Ozawa, Y., Takubo, K., Noda, K., Simon, M. C., et al. (2010). von Hippel-Lindau protein regulates transition from the fetal to the adult circulatory system in retina. Development 137 (9), 1563–1571. doi: 10.1242/dev.049015

 Kurihara, T., Westenskow, P. D., Krohne, T. U., Aguilar, E., Johnson, R. S., and Friedlander, M. (2011). Astrocyte pVHL and HIF-alpha isoforms are required for embryonic-to-adult vascular transition in the eye. J. Cell Biol. 195 (4), 689–701. doi: 10.1083/jcb.201107029

 Kurihara, T., Westenskow, P. D., Bravo, S., Aguilar, E., and Friedlander, M. (2012). Targeted deletion of Vegfa in adult mice induces vision loss. J. Clin. Invest. 122 (11), 4213–4217. doi: 10.1172/jci65157

 Kurihara, T., Westenskow, P. D., Gantner, M. L., Usui, Y., Schultz, A., Bravo, S., et al. (2016). Hypoxia-induced metabolic stress in retinal pigment epithelial cells is sufficient to induce photoreceptor degeneration. Elife 5. doi: 10.7554/eLife.14319

 Liepke, C., Adermann, K., Raida, M., Magert, H. J., Forssmann, W. G., and Zucht, H. D. (2002). Human milk provides peptides highly stimulating the growth of bifidobacteria. Eur. J. Biochem. 269 (2), 712–718. doi: 10.1046/j.0014-2956.2001.02712.x

 Maguire, M. G., Martin, D. F., Ying, G. S., Jaffe, G. J., Daniel, E., Grunwald, J. E., et al. (2016). Five-year outcomes with anti-vascular endothelial growth factor treatment of neovascular age-related macular degeneration: the comparison of age-related macular degeneration treatments trials. Ophthalmology 123 (8), 1751–1761. doi: 10.1016/j.ophtha.2016.03.045

 Manzoni, P., Dall’Agnola, A., Tome, D., Kaufman, D. A., Tavella, E., Pieretto, M., et al. (2018). Role of lactoferrin in neonates and infants: an update. Am. J. Perinatol. 35 (6), 561–565. doi: 10.1055/s-0038-1639359

 Masson, P. L., and Heremans, J. F. (1971). Lactoferrin in milk from different species. Comp. Biochem. Physiol. B. 39 (1), 119–129. doi: 10.1016/0305-0491(71)90258-6

 Miwa, Y., Hoshino, Y., Shoda, C., Jiang, X., Tsubota, K., and Kurihara, T. (2019). Pharmacological HIF inhibition prevents retinal neovascularization with improved visual function in a murine oxygen-induced retinopathy model. Neurochem. Int. 128, 21–31. doi: 10.1016/j.neuint.2019.03.008

 Montezuma, S. R., Dolezal, L. D., Rageh, A. A., Mar, K., Jordan, M., and Ferrington, D. A. (2015). Lactoferrin reduces chorioretinal damage in the murine laser model of choroidal neovascularization. Curr. Eye Res. 40 (9), 946–953. doi: 10.3109/02713683.2014.969808

 Muranishi, Y., Terada, K., Inoue, T., Katoh, K., Tsujii, T., Sanuki, R., et al. (2011). An essential role for RAX homeoprotein and NOTCH-HES signaling in Otx2 expression in embryonic retinal photoreceptor cell fate determination. J. Neurosci. 31 (46), 16792–16807. doi: 10.1523/jneurosci.3109-11.2011

 Petschow, B. W., Talbott, R. D., and Batema, R. P. (1999). Ability of lactoferrin to promote the growth of Bifidobacterium spp. in vitro is independent of receptor binding capacity and iron saturation level. J. Med. Microbiol. 48 (6), 541–549. doi: 10.1099/00222615-48-6-541

 Ryan, H. E., Lo, J., and Johnson, R. S. (1998). HIF-1 alpha is required for solid tumor formation and embryonic vascularization. EMBO J. 17 (11), 3005–3015. doi: 10.1093/emboj/17.11.3005

 Wang, G. L., and Semenza, G. L. (1995). Purification and characterization of hypoxia-inducible factor 1. J. Biol. Chem. 270 (3), 1230–1237. doi: 10.1074/jbc.270.3.1230

 Wang, W. P., Iigo, M., Sato, J., Sekine, K., Adachi, I., and Tsuda, H. (2000). Activation of intestinal mucosal immunity in tumor-bearing mice by lactoferrin. Jpn. J. Cancer Res. 91 (10), 1022–1027. doi: 10.1111/j.1349-7006.2000.tb00880.x



Conflict of Interest: Patents have been applied for field relating to the therapeutic effects of lactoferrin in ocular disorders. KT holds the position of CEO of Tsubota Laboratory, Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ibuki, Shoda, Miwa, Ishida, Tsubota and Kurihara. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar.2020.00174_cover.jpg
’ frontiers
in Pharmacology

Lactoferrin Has a Therapeutic Effect
via HIF Inhibition in a Murine Model
of Choroidal Neovascularization





OEBPS/Images/fphar-11-00174-g003.jpg
Pdk1

Hifla

(oo o one)
[ i

cod

Glut1

Lactoferrin

Vegfa

actoferin

(o001 cpm)

"
.
|

e e meney

(00 cpe)

codl,

ey

)





OEBPS/Images/fphar-11-00174-g005.jpg
Control Lactoferin

. .
g \
i
§w :
i
- =,






OEBPS/Images/fphar-11-00174-g008.jpg
A
HIF-1a"; CHX10-Cre

HIF-1a%; CHX10-Crett:

-1 CHOD-Cre”

1]

HIF-30 CH0-Cre¥





OEBPS/Images/fphar-11-00174-g006.jpg
HiFe _
e

laser -+ o+

1 actoferrin & &

HIF-1a

B-actin

Laser
Lactoferrin






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar-11-00174-g002.jpg
Hifla

mRNA wpresson

petitey

ot

Pak1

cody - B B cod,

actofertin . .

c Vegfa =

15

a0 comvay

o5

Glut1

B B coct,

et . . PR





OEBPS/Images/fphar-11-00174-g004.jpg
HIF-1o

Beactin

Cocl,
Lactoferrin

HIF-1o.

practin

Cocl,
[ W





OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/fphar-11-00174-g007.jpg
A

Jrv—

HIF-10/"; Bestl-Cre'-

st

HIF-10"; Best1-Cre®

HIF-1a™: Best1-Cre”  HIF-1a¥": Best1-Cre-





OEBPS/Images/fphar-11-00174-g001.jpg
ot

tscoteri

Rolave keorsso actity
st oy

s

AELD.

61w





OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        Lactoferrin Has a Therapeutic Effect via HIF Inhibition in a Murine Model of Choroidal Neovascularization

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Luciferase Assay

          



          		

            Laser-Induced CNV

          



          		

            CNV Volume Measurement

          



          		

            Administration of Lactoferrin to Mice

          



          		

            Real-Time PCR

          



          		

            Western Blot

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            HIF Activation Was Suppressed by Lactoferrin Administration in a Luciferase Assay

          



          		

            Administration of Lactoferrin Downregulated Hif1a and Its Downstream Genes in 661W Cone Photoreceptor Cells

          



          		

            Oral Administration of Lactoferrin Suppressed CNV Volume in the Laser CNV Model Mice

          



          		

            Administration of Lactoferrin Suppressed HIF-1α Expression In Vivo

          



          		

            CNV Volume Was Reduced in Both RPE and Neural Retina Specific Hif1a Conditional Knockout Mice

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



