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After prolonged adaptation to high-altitude environments, Tibetan sheep have developed a robust capacity to withstand hypobaric hypoxia. Compared to low-altitude sheep, various organs and tissues in Tibetan sheep have undergone significant adaptive remodeling, particularly in the lungs. However, whether lambs and adult Tibetan sheep exhibit similar adaptations to high-altitude hypoxia remains unclear. In this study, we selected six lambs (4 months old) and six adult (3 years old) female Tibetan sheep to assess their blood gas indicators, observe lung microstructures, and measure the expression levels of key proteins in the lungs. The results indicated that adult sheep exhibited higher hemoglobin concentrations and finer, denser pulmonary vasculature, which enhanced their oxygen-carrying capacity and increased the surface area available for blood gas exchange, resulting in improved oxygen transfer capacity. Conversely, lambs demonstrated larger lungs relative to their body weight and greater pulmonary vascular volumes, which increased relative pulmonary ventilation and blood flow, thereby enhancing oxygen uptake. These findings suggested that Tibetan sheep employ different adaptation strategies to high-altitude hypoxia at various life stages.
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Introduction

The Tibetan Plateau is the highest plateau on the Earth, with an average altitude exceeding 4,000 m (1), covering approximately a quarter of China’s total territory. Life on the Tibetan Plateau presents myriad environmental challenges, particularly hypoxia due to low barometric pressure. For example, the partial pressure of oxygen (pO2) at an altitude of 4,000 m is approximately 60% of that at sea level (2). This harsh environment exerts strong evolutionary pressure on organisms to adapt to high-altitude conditions.

Tibetan sheep arrived on the Tibetan Plateau approximately 3,100 years ago via the Tang-Bo Ancient Road and have since settled permanently (3). After an extended adaptation period, various organs and tissues of Tibetan sheep have undergone significant remodeling, enabling them to thrive in hypobaric hypoxia. Consequently, they have become an ideal model for studying high-altitude hypoxia adaptation. A previous study found that Tibetan sheep exhibited a higher rate of resting respiration than Small-tailed Han sheep (a low-altitude breed) (p < 0.05), and the area of mitochondrial cristae membranes (the primary site of aerobic respiration) was greater in various tissues of Tibetan sheep (p < 0.05) (4). Moreover, the concentration of hemoglobin (Hb), which serves as the primary carrier and deliverer of oxygen, was found to be higher in Tibetan sheep than in Large-tailed Han sheep (another low-altitude breed) (p < 0.05) (5). Tibetan sheep at higher altitudes also exhibited a greater number and area of microvessels in the heart and lungs than their lower-altitude counterparts (6, 7). In addition to the physiological changes mentioned above, several key genes associated with hypoxia adaptation have undergone variations in Tibetan sheep, particularly those in the hypoxia-inducible factor family (8, 9). These physiological and genetic changes in Tibetan sheep yield two main consequences: increased oxygen transfer efficiency and utilization in hypoxic environments, with age playing a significant role in these processes. Wang et al. (10) found that aging can weaken aerobic respiration in the hearts of Tibetan sheep. However, the effects of age on the lungs—one of the most critical organs in adapting to high-altitude hypoxia—remain unclear.

To elucidate the morphological and molecular adaptation mechanisms of Tibetan sheep lungs at different ages under high-altitude hypoxia, we selected lambs (4 months old) and adults (3 years old) and assessed their blood gas indicators. We observed their lung microstructures using electron and optical microscopes, and the expression levels of key proteins related to high-altitude hypoxia adaptation were detected using Western blot (WB) and immunofluorescence techniques. By integrating physiological and molecular data from the blood and lungs, this study found that Tibetan sheep of different ages employ distinct strategies to overcome high-altitude hypoxia.



Materials and methods


Sample collection and blood gas indicator measurement

In this study, 12 healthy Tibetan sheep were selected from Haiyan County, Qinghai Province, China, at an altitude of approximately 3,500 m. The group consisted of six 4-month-old female lambs and six 3-year-old adult ewes. In the region where the sampling sites were located, Tibetan sheep are generally weaned before they reach 4 months of age. During the late lactation period, the lambs lived naturally, grazing with their ewes without supplementary feeding. Therefore, the dietary structure and life activities of the 4-month-old lambs were similar to those of the 3-year-old adult sheep, which justified the selection of 4-month-old lambs for this study. Jugular venous blood was collected from all sheep using 5-mL sodium heparin tubes. Pre-slaughter live weight and heart and lung weights were recorded. Parenchymal tissue from the middle of the right lung lobus diaphragmaticus was collected and divided into several portions: One portion was placed in liquid nitrogen for WB analysis, another was placed in 4% paraformaldehyde for immunofluorescence, hematoxylin–eosin (HE), and Weigert resorcinol magenta (WRM) staining analyses, and a third portion was placed in 3% glutaraldehyde for ultrastructural observation using transmission electron microscopy (TEM). The left lung was collected to create a pulmonary artery corrosion cast for structural observation using scanning electron microscopy (SEM).

The collected venous blood was analyzed for blood gas indicators using an i-STAT analyzer (Abbott, Chicago, IL, United States). The measurements included hematocrit (Hct), Hb concentration, partial pO2, partial pressure of carbon dioxide (pCO2), oxygen saturation (sO2), total carbon dioxide, glucose (Glu) concentration, and hydrogen ion concentration (pH). The pH, pO2, and sO2 were used to calculate the half-saturation oxygen partial pressure (p50) according to the formula by Lichtman et al. (11). The p50 represents the pO2 at which 50% of the Hb is bound to oxygen, indicating the affinity of Hb for oxygen.



Histological staining and morphological observation of the lungs

HE and WRM staining were performed on lung tissue fixed in 4% paraformaldehyde. HE staining dyes the nucleus purple–blue and the cytoplasm and extracellular matrix red, while WRM staining highlights elastic fibers in dark blue. Three fixed lung tissues were selected from both the lamb and adult groups. The samples were dehydrated in ethanol, rinsed in xylene, and then embedded in paraffin. The paraffin-embedded blocks were cut into ultrathin sections using a Leica-2016 microtome (Leica, Wetzlar, Germany) and subsequently stained with HE. Three microscopic fields of view at 100× and 200× magnification were captured for each HE-stained section using a BA210 digital microscope camera (Motic, Xiamen, China) to observe the number and area of arterioles and alveoli, respectively. One paraffin section from each age group was selected for WRM staining, and three different 400× microscopic fields of view were taken to observe the characteristics of the elastic fibers. The HE and WRM staining were conducted by Lilai Biotech Co., Ltd. (Chengdu, China).

For ultrastructural observation of the alveolar septum, one lung tissue sample fixed in 3% glutaraldehyde was selected from each age group. The selected samples were refixed in 1% osmium tetroxide, dehydrated in acetone, and then soaked in a mixture of epoxy resin and acetone. The soaked samples were embedded in epoxy resin, dried, and sectioned into ultrathin sections using an EM-UC7 microtome (Leica, Wetzlar, Germany). The ultrathin sections were stained with uranyl acetate and lead citrate before the ultrastructure of the alveolar septum was observed using a JEM-1400PLUS TEM (Jeol, Tokyo, Japan).



Corrosion cast making of pulmonary artery and structural observation

To study the branching and distribution characteristics of the pulmonary arteries in lamb and adult Tibetan sheep, corrosion casts of the pulmonary arteries were created and observed using SEM. Casting agents with 10 and 15% concentrations were prepared using acrylonitrile–butadiene–styrene terpolymer pellets mixed with a 1:1 acetone–butanone solution. The left lungs of six sheep from each age group were selected, and casting agents at 10 and 15% concentrations were successively injected from the aorta until the pulmonary arteries were filled. Once the casting agent had completely solidified, the left lung was placed in hydrochloric acid until the lung tissue was completely corroded, forming pulmonary artery corrosion casts. The casts were then cleaned using ultrasound, coated with gold using an E-1045 ion coater (Hitachi, Tokyo, Japan), and subsequently observed with an S-3400 N SEM (Hitachi, Tokyo, Japan).



WB and immunofluorescence analyses

Hb beta (HBB) is one of the most important genes in animals’ adaptation to hypoxic environments. In this study, the expression levels of HBB protein in the lung tissue of Tibetan sheep were analyzed using WB and immunofluorescence techniques. Total proteins were extracted from the lung tissues of three Tibetan sheep from each age group and separated by 12% sodium dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE). These proteins were transferred onto polyvinylidene fluoride membranes, blocked, and then incubated with rabbit anti-HBB polyclonal antibody (Abmart, Shanghai, China) and rabbit anti-β-tubulin polyclonal antibody (internal reference, Abmart, Shanghai, China) at 4°C overnight. The membranes were incubated with a secondary antibody (goat anti-rabbit immunoglobulin G [IgG], Abmart, Shanghai, China) at room temperature for 2 h. Finally, the blot images were visualized using NcmECL Ultra reagents (NCM Biotech, Suzhou, China) and quantified using AlphaEase FC software.

One paraffin section from each age group was selected for immunofluorescence staining. The sections were blocked with 3% bovine serum albumin (Servicebio, Wuhan, China) and then incubated with rabbit anti-HBB polyclonal antibody (Abmart, Shanghai, China) at 4°C overnight. Subsequently, the sections were incubated with a secondary antibody (goat anti-rabbit IgG, Abmart, Shanghai, China) labeled with fluorescein isothiocyanate at room temperature for 50 min and counterstained with DAPI. The sections were then imaged using CaseViewer software.



Measurements and statistical analyses

The area and number of arterioles and alveoli in each micrograph field of view of HE-stained sections were measured and counted using Image-Pro Plus 6.0. Three left pulmonary artery corrosion casts were selected from each age group to measure the diameters of the aorta and its first-, second-, third-, and fourth-level branches using digital vernier calipers.

Independent sample t-tests were performed using Statistical Package for Social Sciences 19.0 on the blood gas indicators, the proportion of lung and heart weight to body weight, the area and number of arterioles and alveoli, and the proportions of the aorta and first-, second-, third-, and fourth-level branch diameters to lung weight (mm/g, representing vascular volume), as well as the WB quantification results between the two age groups. All experimental data were expressed as mean ± standard deviation, with statistical significance at a p-value of <0.05.




Results


Differences in blood gas indicators

The measurement results of the blood gas indicators revealed that Hct, Hb, partial pCO2, and Glu concentrations were significantly higher in adult Tibetan sheep than in lambs (p < 0.05). In contrast, sO2 was lower in adults than in lambs (p < 0.05) (Figure 1).
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FIGURE 1
 Differences in blood gas indicators between lambs and adult Tibetan sheep. Hematocrit (A), hemoglobin concentrations (B), partial pressure of oxygen (C), oxygen saturation (D), half-saturation oxygen partial pressure (E), partial pressure of carbon dioxide (F), total carbon dioxide (G), and glucose concentrations (H) are shown. An asterisk (*) indicates significant differences between different age groups (p < 0.05).




Morphological differences in the lungs

The ratio of lung weight to body weight and the pulmonary arteriolar area in adult Tibetan sheep were significantly lower than those in lambs (p < 0.05). In contrast, the heart-to-body weight ratio and the number of pulmonary arterioles did not differ significantly between the two groups (p > 0.05) (Figure 2).
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FIGURE 2
 Proportion of lung and heart to body weight, along with lung hematoxylin and eosin staining. Differences in the lung (A) and heart (B) to body weight ratio, average area (C), and number (D) of pulmonary arterioles between lambs (l) and adult (a) Tibetan sheep are presented. Pulmonary arterioles are shown under an optical microscope (l, a). An asterisk (*) indicates significant differences between different age groups (p < 0.05). Yellow arrows indicate pulmonary arterioles, orange arrows indicate terminal bronchioles, and blue arrows indicate alveoli.


The proportion of alveoli to the field of view area, the average area, and the number of alveoli did not differ significantly between the two groups (p > 0.05) (Figure 3).
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FIGURE 3
 Differences in the proportion of alveoli to the field of view area (A), average area (B), and number (C) of alveoli between lambs (l) and adult (a) Tibetan sheep, along with alveoli observed under an optical microscope (l, a). Yellow and blue arrows indicate the alveolar septum and alveoli, respectively.


WRM staining results demonstrated that the pulmonary arterioles of both lambs and adult Tibetan sheep contained numerous elastic fibers and exhibited thick vascular walls (Figure 4).
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FIGURE 4
 Weigert resorcinol magenta staining of lung elastic fibers in lambs (l) and adult (a) Tibetan sheep. Yellow and white arrows indicate arterioles and elastic fibers, respectively.


In this study, the ratio of pulmonary artery diameter to lung weight (mm/g) was used to represent vascular volume. It was found that the volumes of the first and second branches of the pulmonary artery were significantly smaller in adult Tibetan sheep than in lambs, except for the aorta and the third and fourth branches (Figures 5A,B). SEM examined the corrosion casts, revealing that adult Tibetan sheep had more branches and thinner diameters in their pulmonary arteries than lambs (Figures 5l,a).
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FIGURE 5
 Differences in the ratio of the aorta, first (I), second (II), third (III), and fourth (IV) branch diameters to lung weight (mm/g) between lambs (l) and adult (a) Tibetan sheep (A,B), along with the characteristics of pulmonary artery branches (l,a). An asterisk (*) indicates significant differences between different age groups (p < 0.05).


The surface characteristics of the fine branches of pulmonary artery corrosion casts were observed using SEM, which revealed that adult Tibetan sheep exhibited deeper and denser indentations of endothelial cells than lambs (Figures 6L,A). TEM was used to examine the alveolar septum, showing that the vascular endothelial cells in adult Tibetan sheep were larger and exhibited muscularization than those in lambs (Figures 6l,a).
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FIGURE 6
 Surface features of pulmonary artery corrosion casts (L,A). Ultrastructure of capillary artery walls in the alveolar septum (l,a), along with type I epithelial cells (Ep1) and erythrocytes (e). Yellow arrows indicate vascular endothelial cells, whereas orange arrows indicate endothelial cell indentations.




Differences in expression of HBB in the lungs

To determine the expression levels of HBB protein, we conducted WB and immunofluorescence analyses. The WB results indicated a significant difference in the expression of HBB protein in the lungs of lambs and adult sheep (p < 0.05). The immunofluorescence tests corroborated the results obtained from the WB analysis (Figure 7).
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FIGURE 7
 Western blot (WB) and immunofluorescence analyses of the key protein, hemoglobin beta (HBB). Differences in the expression levels of HBB protein in lambs (l) and adult (a) Tibetan sheep are depicted by WB (A), a histogram of WB test results (B), and immunofluorescence (C).





Discussion

The blood gas indicators of Tibetan sheep play a crucial role in overcoming high-altitude hypoxia, and age may influence these indicators. In this study, we found that adult Tibetan sheep exhibited higher Hct, Hb, pCO2, and Glu concentrations, along with sO2, than lambs (p < 0.05) (Figure 1). In bovid artiodactyls, the prenatal expression of fetal Hb isoforms with high blood oxygen affinity helps maintain appropriate oxygen concentrations in the uterus (12). The activity of this Hb isoform may persist postnatally (13). Sheep possess a gene block in the β-globin gene cluster, including a specialized β-globin paralog (βC) (14, 15). During the juvenile stage, the βC gene is highly expressed. It contributes to the formation of the juvenile Hb isoform (HbC) (16), which has a higher blood oxygen affinity than the adult Hb isoform (17). Consequently, lambs, with Hb isoforms with a high blood oxygen affinity, can afford a moderate reduction in Hct and Hb concentrations to decrease blood viscosity, thereby alleviating pressure on the developing heart and vascular system while increasing sO2.

Consistent with this, WB and immunofluorescence analyses indicated an elevation in HBB expression in the lungs of adult Tibetan sheep (p < 0.05) (Figure 7). It was noted that the HBB gene was inherited from Argali (Ovis ammon) and positively selected during the dispersal of Tibetan sheep across the Tibetan Plateau (3). Lefrancais et al. (18) identified the lungs as an organ with significant hematopoietic potential, while Patel et al. (19) demonstrated that the arterial endothelium can produce hematopoietic stem cells. The presence of HBB protein in the lungs of Tibetan sheep may arise from the lungs’ own hematopoiesis and erythrocytes trapped in the lung’s capillaries. Given that circulating blood frequently exchanges with reserve blood, it can be inferred that Hb in the lung is equivalent to Hb in the erythrocytes. HBB proteins are essential subunits of Hb; thus, the expression of HBB protein in the lungs further validates the accuracy of the blood Hb concentration measurements. Similarly, Hb concentrations were higher in Tibetan sheep than in Large-tailed Han sheep raised at lower altitudes (5). As the most significant biomacromolecule for maintaining blood acid–base balance, Hb primarily facilitates the transport of oxygen and carbon dioxide (20). An increase in Hb concentration leads to a corresponding rise in the total amount of oxygen absorbed, subsequently elevating pCO2. Therefore, pCO2 exhibits a trend parallel to Hb concentration, consistent with the blood gas indicator data from this study. Moreover, carbohydrates provide more energy than fatty acids per unit of oxygen consumed; thus, the energy supply of high-altitude indigenous species shifts toward Glu oxidation and glycolysis for efficient utilization of scarce oxygen (21, 22). Furthermore, the enzymes responsible for transporting and oxidizing fatty acids are not fully developed in juvenile animals (23, 24), making this shift in energy supply more pronounced in juvenile animals and resulting in lower plasma Glu levels, similar to the findings in humans (25). Consistent with this, Glu concentrations were lower in lambs than in adult Tibetan sheep in this study. Collectively, the blood gas indicators of Tibetan sheep exhibit age-related changes as they adapt to chronic hypoxia.

In addition to blood gas indicators, lung morphology in Tibetan sheep varies by age. In this study, the lung-to-body weight ratio of lambs was found to be greater than that of adult Tibetan sheep (p < 0.05), whereas the heart-to-body weight ratio showed no significant difference (p > 0.05) (Figures 2A,B). It is well established that in the early stages of life, both in humans and animals (e.g., fetal and juvenile stages), the internal organs and brain develop preferentially. Consequently, the proportion of internal organs to body weight is higher in juveniles than in adults. This phenomenon may reflect the “principle of priority development,” which occurs when organisms develop under nutritional limitations. Moreover, morphological differences in the lungs of Tibetan sheep across different ages are primarily evident in the alveoli and pulmonary vessels. This study revealed that the alveoli-to-field-of-view area ratio and average alveolar area in adult Tibetan sheep were larger than those in lambs. However, the total number of alveoli was smaller (p > 0.05) (Figure 3). Human studies have demonstrated a significant increase in alveolar area with age (26–28). While the difference in alveolar area between lambs and adult Tibetan sheep was not statistically significant, there was a noticeable trend toward increased alveolar area in adults. The discrepancy between our findings and those observed in humans may be attributed to the limited sample size of this study. In contrast to lambs, adult Tibetan sheep engage in more life activities, such as breeding and feeding their young. An increased alveolar area enhances the surface area available for blood gas exchange; however, adequate oxygen supply for these activities also necessitates a well-developed pulmonary vascular network to facilitate oxygen diffusion into the bloodstream, which is then transported throughout the body via left ventricular contraction.

Regarding pulmonary vessels, this study found that adult Tibetan sheep had a significantly lower (p < 0.05) pulmonary arteriolar area (Figure 2C) and a reduced diameter of the first and second pulmonary artery branches relative to lung weight, indicating a smaller pulmonary vascular volume (Figure 5A). Furthermore, the pulmonary arteries of adult Tibetan sheep exhibited more branches and thinner diameters (Figures 5l,a). This finer and denser pulmonary vasculature, coupled with the larger alveolar area, creates more sites for blood gas exchange, suggesting that lung development in adult Tibetan sheep is more advanced. Similarly, in humans, both the alveoli and pulmonary vessels have been shown to increase in size with age (29). In addition, the walls of the pulmonary arterioles in adult Tibetan sheep may be thicker than those in lambs (Figure 4), which is consistent with previous findings indicating that chronic hypoxia can lead to thickening of the pulmonary artery (30–32). A thickened pulmonary artery contains more smooth muscle, enhancing its ability to undergo vasodilation and vasoconstriction, which is crucial for avoiding pulmonary hypertension, a common affliction in high-altitude environments. SEM was used to examine the surface characteristics of pulmonary artery corrosion casts, revealing deeper and denser indentations of endothelial cells in adult Tibetan sheep (Figures 6L,A). This suggests that the thickened pulmonary artery has improved contractile ability, facilitating better blood flow control. TEM observations of the alveolar septum indicated that the endothelial cells of the capillary artery walls in adult Tibetan sheep displayed muscularization (Figures 6l,a), further reflecting the contractile potential of the pulmonary artery. Conversely, lambs possess certain advantages; specifically, their larger lungs relative to body weight facilitate high relative pulmonary ventilation, and their larger pulmonary vascular volumes support increased blood flow, ultimately enhancing oxygen uptake capacity.



Conclusion

Tibetan sheep of different ages exhibit distinct adaptation strategies to high-altitude hypoxia. Adult sheep address hypoxia by increasing Hb concentration and enhancing the surface area for blood gas exchange, thereby improving oxygen transfer capacity. In contrast, lambs adapt to hypoxia by increasing relative pulmonary ventilation and blood flow, which enhances their oxygen uptake ability. In addition, lambs may rely on Hb isoforms with a higher affinity for oxygen, further increasing their oxygen-binding capacity. These findings provide valuable insights into the survival mechanisms of Tibetan sheep and other indigenous species on the Tibetan Plateau.



Data availability statement

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Faculty Animal Policy and Welfare Committee of Gansu Agricultural University (Lanzhou, China). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

PZ: Conceptualization, Funding acquisition, Writing – original draft. SL: Conceptualization, Funding acquisition, Writing – review & editing. FZ: Formal analysis, Validation, Writing – review & editing. JH: Data curation, Supervision, Writing – review & editing. JW: Resources, Visualization, Writing – review & editing. XL: Investigation, Software, Writing – review & editing. ZZ: Formal analysis, Project administration, Writing – review & editing. ML: Data curation, Writing – review & editing. YL: Conceptualization, Project administration, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the 2024 Provincial Talent Projects in Gansu Province, and the Key R&D Plan Projects in Gansu Province (23YFWA0001).



Acknowledgments

We thank Dr. Wenhao Li for his help in the sample collection process.



Conflict of interest

The 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Thompson, LG, Yao, T, Mosley-Thompson, E, Davis, ME, Henderson, KA, and Lin, P. A high-resolution millennial record of the south Asian monsoon from Himalayan ice cores. Science. (2000) 289:1916–9. doi: 10.1126/science.289.5486.1916 

 2. Beall, CM. Adaptation to high altitude: phenotypes and genotypes. Annu Rev Anthropol. (2014) 43:251–72. doi: 10.1146/annurev-anthro-102313-030000


 3. Hu, X, Yang, J, Xie, X, Lv, F, Cao, Y, Li, W , et al. The genome landscape of Tibetan sheep reveals adaptive introgression from argali and the history of early human settlements on the Qinghai-Tibetan plateau. Mol Biol Evol. (2019) 36:283–303. doi: 10.1093/molbev/msy208 

 4. Wang, G, He, Y, and Luo, Y. Expression of OPA1 and Mic60 genes and their association with mitochondrial cristae morphology in Tibetan sheep. Cell Tissue Res. (2019) 376:273–9. doi: 10.1007/s00441-018-2975-y 

 5. Wei, C, Wang, H, Liu, G, Zhao, F, Kijas, JW, Ma, Y , et al. Genome-wide analysis reveals adaptation to high altitudes in Tibetan sheep. Sci Rep. (2016) 6:26770. doi: 10.1038/srep26770 

 6. Wen, Y, Li, S, Zhao, F, Wang, J, Liu, X, Hu, J , et al. Changes in the mitochondrial dynamics and functions together with the mRNA/miRNA network in the heart tissue contribute to hypoxia adaptation in Tibetan sheep. Animals. (2022) 12:583. doi: 10.3390/ani12050583 

 7. Zhao, P, Zhao, F, Hu, J, Wang, J, Liu, X, Zhao, Z , et al. Physiology and transcriptomics analysis reveal the contribution of lungs on high-altitude hypoxia adaptation in Tibetan sheep. Front Physiol. (2022) 13:885444. doi: 10.3389/fphys.2022.885444 

 8. Xi, Q, Zhao, F, Hu, J, Wang, J, Liu, X, Dang, P , et al. Expression and variations in EPAS1 associated with oxygen metabolism in sheep. Genes. (2022) 13:1871. doi: 10.3390/genes13101871


 9. Zhao, P, He, Z, Xi, Q, Sun, H, Luo, Y, Wang, J , et al. Variations in HIF-1alpha contributed to high altitude hypoxia adaptation via affected oxygen metabolism in Tibetan sheep. Animals. (2021) 12:58. doi: 10.3390/ani12010058 

 10. Wang, G, Luo, Y, Hu, J, Wang, J, Liu, X, and Li, S. Effects of aging on expression of Mic60 and OPA1 and mitochondrial morphology in myocardium of Tibetan sheep. Animals. (2020) 10:2160. doi: 10.3390/ani10112160 

 11. Lichtman, MA, Murphy, MS, and Adamson, JW. Detection of mutant hemoglobins with altered affinity for oxygen. A simplified technique. Ann Intern Med. (1976) 84:517–20. doi: 10.7326/0003-4819-84-5-517 

 12. Storz, JF. Gene duplication and evolutionary innovations in hemoglobin-oxygen transport. Physiology. (2016) 31:223–32. doi: 10.1152/physiol.00060.2015 

 13. Vinjamur, DS, Bauer, DE, and Orkin, SH. Recent progress in understanding and manipulating haemoglobin switching for the haemoglobinopathies. Br J Haematol. (2018) 180:630–43. doi: 10.1111/bjh.15038 

 14. Gaudry, MJ, Storz, JF, Butts, GT, Campbell, KL, and Hoffmann, FG. Repeated evolution of chimeric fusion genes in the beta-globin gene family of laurasiatherian mammals. Genome Biol Evol. (2014) 6:1219–33. doi: 10.1093/gbe/evu097 

 15. Schimenti, JC, and Duncan, CH. Structure and organization of the bovine beta-globin genes. Mol Biol Evol. (1985) 2:514–25. doi: 10.1093/oxfordjournals.molbev.a040369 

 16. Blunt, MH, and Huisman, THJ. The haemoglobins of sheep In: Blunt MH, (eds). The blood of sheep: Composition and function. New York: Springer-Verlag (1975). 155–60.


 17. Signore, AV, and Storz, JF. Biochemical pedomorphosis and genetic assimilation in the hypoxia adaptation of Tibetan antelope. Sci Adv. (2020) 6:b5447:eabb5447. doi: 10.1126/sciadv.abb5447 

 18. Lefrancais, E, Ortiz-Munoz, G, Caudrillier, A, Mallavia, B, Liu, F, Sayah, DM , et al. The lung is a site of platelet biogenesis and a reservoir for haematopoietic progenitors. Nature. (2017) 544:105–9. doi: 10.1038/nature21706 

 19. Patel, SH, Christodoulou, C, Weinreb, C, Yu, Q, da Rocha, EL, Pepe-Mooney, BJ , et al. Lifelong multilineage contribution by embryonic-born blood progenitors. Nature. (2022) 606:747–53. doi: 10.1038/s41586-022-04804-z 

 20. Storz, JF. Hemoglobin-oxygen affinity in high-altitude vertebrates: is there evidence for an adaptive trend? J Exp Biol. (2016) 219:3190–203. doi: 10.1242/jeb.127134 

 21. Ge, RL, Simonson, TS, Cooksey, RC, Tanna, U, Qin, G, Huff, CD , et al. Metabolic insight into mechanisms of high-altitude adaptation in Tibetans. Mol Genet Metab. (2012) 106:244–7. doi: 10.1016/j.ymgme.2012.03.003 

 22. Horscroft, JA, Kotwica, AO, Laner, V, West, JA, Hennis, PJ, Levett, DZH , et al. Metabolic basis to Sherpa altitude adaptation. Proc Natl Acad Sci USA. (2017) 114:6382–7. doi: 10.1073/pnas.1700527114 

 23. Bartelds, B, Gratama, JW, Knoester, H, Takens, J, Smid, GB, Aarnoudse, JG , et al. Perinatal changes in myocardial supply and flux of fatty acids, carbohydrates, and ketone bodies in lambs. Am J Phys. (1998) 274:H1962–9. doi: 10.1152/ajpheart.1998.274.6.H1962 

 24. Girard, J, Ferre, P, Pegorier, JP, and Duee, PH. Adaptations of glucose and fatty acid metabolism during perinatal period and suckling-weaning transition. Physiol Rev. (1992) 72:507–62. doi: 10.1152/physrev.1992.72.2.507 

 25. Kelly, KR, Williamson, DL, Fealy, CE, Kriz, DA, Krishnan, RK, Huang, H , et al. Acute altitude-induced hypoxia suppresses plasma glucose and leptin in healthy humans. Metabolism. (2010) 59:200–5. doi: 10.1016/j.metabol.2009.07.014 

 26. Burri, PH. Structural aspects of postnatal lung development-alveolar formation and growth. Biol Neonate. (2006) 89:313–22. doi: 10.1159/000092868


 27. Burri, PH. Fetal and postnatal development of the lung. Annu Rev Physiol. (1984) 46:617–28. doi: 10.1146/annurev.ph.46.030184.003153


 28. Butler, JP, Loring, SH, Patz, S, Tsuda, A, Yablonskiy, DA, and Mentzer, SJ. Evidence for adult lung growth in humans. N Engl J Med. (2012) 367:244–7. doi: 10.1056/NEJMoa1203983 

 29. Chinoy, MR. Lung growth and development. Front Biosci. (2003) 8:d392–415. doi: 10.2741/974


 30. Davie, NJ, Crossno, JT, Frid, MG, Hofmeister, SE, Reeves, JT, Hyde, DM , et al. Hypoxia-induced pulmonary artery adventitial remodeling and neovascularization: contribution of progenitor cells. Am J Physiol Lung Cell Mol Physiol. (2004) 286:L668–78. doi: 10.1152/ajplung.00108.2003


 31. Haworth, SG, and Hislop, AA. Lung development-the effects of chronic hypoxia. Semin Neonatol. (2003) 8:1–8. doi: 10.1016/s1084-2756(02)00195-1 

 32. Tuder, RM, Yun, JH, Bhunia, A, and Fijalkowska, I. Hypoxia and chronic lung disease. J Mol Med. (2007) 85:1317–24. doi: 10.1007/s00109-007-0280-4



Copyright
 © 2024 Zhao, Li, Zhao, Hu, Wang, Liu, Zhao, Li and Luo. 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.

OPS/images/fvets-11-1458774-g005.jpg
3
]
£

(%) 3yBiam Bun| / 1s10Welp aqn}

<

1 mm






OPS/images/fvets-11-1458774-g006.jpg





OPS/images/fvets-11-1458774-g003.jpg
>
w
(9]

£ 50 « 2,500 200

8w ‘ s 2,000 ‘

T g > B 150

2 2

5 5 £

S 30+ 2 1,500 g

8 & 2

2 ‘ o £ 100-|

= 20 £ 1,000 2

c | H 2

§ g & 50+

£ 10 2 500 L ‘

5 ‘ S

g s

2 2

go . § ol . 0 T
lamb  adult lamb  adult lamb  adult






OPS/images/fvets-11-1458774-g004.jpg





OPS/images/fvets-11-1458774-g007.jpg
< © ~ - °
ggH Jo souepuNgEe dAlelel

m

HBB
<L






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of age on lung adaptation to high-altitude hypoxia in Tibetan sheep



		Introduction



		Materials and methods



		Sample collection and blood gas indicator measurement



		Histological staining and morphological observation of the lungs



		Corrosion cast making of pulmonary artery and structural observation



		WB and immunofluorescence analyses



		Measurements and statistical analyses









		Results



		Differences in blood gas indicators



		Morphological differences in the lungs



		Differences in expression of HBB in the lungs









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fvets-11-1458774-g001.jpg
* *
— —
i~ & = ¢ & & %
8 8 % 8 g 8 8 8
(a] (%) 2os = = (b / 6w} nio
=
F E
]
a
=4
s
1 ; T T
S R R p & & g
[4
(&) (eadi) c0d O (170w ion
1 5 5
® ®
* *
. =
E £
5 s
— : : T
& & & 4 o S )
om (1P /6) aH TS (edb) 200d
5
=
g
*
5
=
5

(ed) ogd





OPS/images/fvets-11-1458774-g002.jpg
20 1.0 15,000~
A_ . Cc
g ! *
£ 15 H
° o 10,000
2 °
i 1.0 @
k: & 5000 ;
= % 5,000
05-
2 ¢ l
3 ©
0.0-! o -

. T T
adult lamb  adult lamb  adult lamb  adult

lamb






OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Effect of age on lung adaptation
to high-altitude hypoxia in
Tibetan sheep












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






