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Abstract

Background: Tibetan pigs have exhibited unique characteristics from low-altitudes

pigs and adaptedwell to theQinghai-Tibet Plateau.

Objectives:The current studywas undertaken to investigate the hypoxic adaptation of

heart in Tibetan pigs.

Methods: The hearts of Tibetan pigs and Landrace pigs raised at high or low altitudes

were compared using 3D casting technology, scanning electron microscopy and real-

time quantitative PCR (qRT-PCR).

Results: We found that the ratio of the major axis to the minor axis and the density

of the heart were significantly higher in Tibetan pigs than in Landrace pigs (p < 0.05).

Tibetan pigs had larger diameters and higher densities of arterioles than Landrace pigs

(p < 0.05), and these features have a similar variation with the expression of vascular

endothelial growth factor (VEGF). The cardiac expression levels of hypoxia-inducible

factor-1α (HIF-1α) and endothelial nitric oxide synthase (eNOS) were significantly

higher in pigs reared at high altitudes than in those reared at low altitudes (p < 0.05).

In contrast, Egl nine homolog 1 (EGLN1) had the opposite trend with respect toHIF-1α
and eNOS and was related to red blood cell (RBC) counts. Notably, the expressions of

erythropoietin (EPO) and endothelial PAS domain-containing protein 1 (EPAS1) were

significantly higher in Landrace pigs kept at high altitudes than in the others (p< 0.05)

andwere associated with haemoglobin.

Conclusions: These findings show that the regulation of the heart function of Tibetan

pigs in a hypoxic environment is manifested at various levels to ensure the circulation

of blood under extreme environmental conditions.
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1 BACKGROUND

The hypoxic environment at high altitude imposes extreme physiolog-

ical challenges in pigs (Ma et al., 2019; B. Zhang et al., 2017; B. Zhang

et al., 2019). Hypoxia response is characterized by systemic changes in

organs, tissues and cells (Alexandra et al., 2019; Hernandez & Alverdy,

2017; Vozdek et al., 2018; Z. Xu & Rothstein, 2018). The Tibetan pigs

have evolved physiological adaptations to high-altitude hypoxia, with

larger and stronger hearts and a less intense erythropoietic response

than other pig populations (Ai et al., 2014; Qi et al., 2019). The heart is

the primary andmost dynamic organ of the circulatory system, and it is

vital for maintaining the stability of the internal environment (Defaria

Yeh et al., 2018; Meilhac & Buckingham, 2018). In a hypoxic envi-

ronment, the decrease in the oxygen transport capacity of the body

can be compensated by enhancing the heart’s blood-pumping function,

increasing the heart rate, raising the haemoglobin (HGB) content of the

blood and redistributing the blood supply (Faulhaber et al., 2015). The

cardiovascular response to hypoxia is a dynamic process that begins

immediately upon exposure and evolves over days, weeks and years

with prolonged exposure. As hypoxia becomes sustained, arterial oxy-

gen content increases secondary to haemoconcentration, ventilatory

acclimatization and increases in red cell mass (Ai et al., 2014).

Hypoxia-inducible factor (HIF) is the master regulator of the tran-

scriptional response to hypoxia, and the expression levels of HIF can

dramatically change the expression of hypoxia-related genes (Bhat-

tarai et al., 2018; Shakhsheer et al., 2019). Based on the findings of

these studies, it might be interesting to explore whether the genesis

and development of blood vessels also impact the physiological char-

acteristics of the heart. In the present study, we comprehensively com-

pared the features of the cardiac arteries, the changes in blood bio-

chemical and physiological indexes and the regulatory mechanisms of

hypoxia-induced relatedgenesbetweenTibetanpigs andLandracepigs

reared at different altitudes to understand the adaptive changes in

heart tissue in the hypoxic response process.

2 METHODS

2.1 Ethics statement

All animal experiments were conducted according to the guidelines for

the care and use of experimental animals established by the Ministry

of Science and Technology of the People’s Republic of China (approval

number: 2006–398), and theworkwas approvedbyGansuAgricultural

University (GSAU-Eth-AST-2021-023), Lanzhou, China.

2.2 Collection of hearts and treatment

The hearts were collected from Tibetan pigs (Hezuo pigs, Figure 1)

inhabiting Hezuo county, Gannan (Tibetan male piglets from the high-

lands (TH), 3000 m) and Jingchuan (Tibetan male piglets migrated to

lowlands (TL), 1000 m) as well as Landrace pigs inhabiting Jingchuan

(Landrace male piglets from the lowlands (LL), 1000 m) and Yongdeng

(Landrace male piglets migrated to highlands (LH), 2500 m) in Gansu

province; these four groups contained an average of seven pigs each,

for a total sample size of 28 animals. All the pigsweremale and adopted

the same feeding management method in farms, which were sacri-

ficed at 1 year of age. The animals were anesthetized quickly with

an intramuscular injection of ketamine (10-15 mg/kg) for euthanasia.

After removal, 12 hearts (three per group) were immersed in liquid

nitrogen for RNA extraction. The rest of the hearts (four per group)

were cleaned to create 3D casts of the cardiac arteries and arterioles.

Venous bloodwas also collected.

2.3 Procedure for creating vascular casts

First, the morphological indexes of the heart were measured with a

ruler and a Vernier caliper. Second, 7% acrylonitrile butadiene styrene

(ABS; Kumho Industry, Korea) perfusion solution mixed with Sudan

III dye (Guangfu Industry, China) was injected continuously into the

cardiac artery to make the casts. Finally, the perfused hearts were

immersed in 40%concentrated hydrochloric acid to dissolve the tissue,

and the casts were flushed with water once they had been denuded of

tissue.

2.4 Observing the characteristics of the casts and
measuring the diameters of the arteries

The anatomical characteristics of the cardiac arteries and their

branches were observed with a dissecting microscope, and

F IGURE 1 Tibetan pigs in the present study. (a) A group of Tibetan pigs. (b) A profile shot of a Tibetan pig. (c) A front shot of a Tibetan pig
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photographs of the casts were taken with a digital camera. The

vascular diameters at several sites along the cardiac arteries and

arterioles were measured using a digital Vernier caliper (Hengliang,

China). The ultrastructural morphology of the arteriolar endothe-

lium was examined in samples that had been obtained randomly

from the cardiac vascular casts, washed with an ultrasonic cleaner

(Dakang Industry, China), dried and sputter coated with a layer of

palladium/gold using a 3500 VA sputter coater (JMB, Japan). Images

of the arteriolar endothelium were obtained with a scanning electron

microscope (Hitachi S-3400N; Japan) at an accelerating voltage of

15 kV. The ultrastructural morphology of the arteriolar endothelium

was studied, and morphological differences among the pigs were

determinedwith the Image J analysis system.

2.5 Measurement of blood physiological indexes

A haematology analyzer (GRT-6008) was used to measure the blood

parameters of 12 pigs.

2.6 Real-time quantitative PCR analysis of the
transcript abundance of hypoxia-related genes

Total RNA was extracted with TRIzol and subjected to quantitative

and qualitative detection; the samples with the best integrity were

selected for the following experiments. A HiScript II 1st-strand cDNA

synthesis kit (Vazyme, China) was used to synthesize cDNA, which

was stored at−20◦C. Then, ChamQUniversal SYBR qPCRMasterMix

(Vazyme, China) was used for quantitative real-time fluorescence anal-

ysis. Primer sequences for the genes HIF-1α, EPAS1, EPO, VEGF, eNOS,
EGLN1 and GAPDH (reference gene) were used for real-time quan-

titative PCR (qRT-PCR) (Table S1). The data were analyzed with the

2–△△Ct method.

2.7 Statistical analysis

The significance of the differences in the various parameters between

the Tibetan pigs and Landrace pigs at different altitudes was deter-

mined by multivariate analysis of variance (ANOVA) using SPSS 17.0

forWindows (SPSS Inc., Chicago, IL, USA). Duncan’smultiple range test

was used for multiple comparisons. The differences in cardiac arteries

between Tibetan pigs and Landrace pigs were analyzed; p < 0.05 was

taken to indicate a significant difference.

3 RESULTS

3.1 Differences in cardiac morphology

The analysis of cardiac morphology revealed some differences in

shape between the hearts of Tibetan pigs (TH and TL) and Landrace

pigs (LH and LL) (Table 1). Although the hearts of Tibetan pigs were

markedly smaller than those of Landrace pigs, adult Tibetan pigs also

weighed less than Landrace pigs; thus, we used the ratio (heart tissue

weight/bodyweight) to represent the relative weight of the heart. Sur-

prisingly, the ratio of the major axis to the minor axis was significantly

higher in Tibetan pigs than in Landrace pigs (p < 0.05). The heart den-

sity of Tibetan pigs was significantly higher than that of Landrace pigs

(p < 0.05); in contrast, the ratio of the major axis to the minor axis was

lower in Tibetan pigs than in Landrace pigs. These findings indicated

that the hearts of Tibetan pigs were heavier and wider than those of

Landrace pigs.

3.2 Differences in the anatomical architecture
and diameter of the cardiac arteries

In observing cast specimens, we found that the coronary arteries

branched repeatedly in the heart wall until they reached the capillar-

ies (Figure 2, Table 2). Several flexible arterioles branched off the arter-

ies at different angles; the first branch exhibited the smallest angle, and

the arterioleswere shaped like tree roots, forming an almost 90◦ angle.

We compared the diameters of the cardiac arteries and branches

relative to body weight in Tibetan pigs and Landrace pigs reared at

different altitudes; the results showed similar distributions and varia-

tions in arterial diameter amongall groups, and thediameter decreased

as the branch level. The major/minor axis ratio of Tibetan pig hearts

was lower than that of Landrace pig hearts. Tibetan pigs had more and

denser arterioles than Landrace pigs; additionally, the average diam-

eters of the main artery and branches were significantly larger in the

former breed (p< 0.05), and the diameters of seven parts were signifi-

cantly larger in TH than in TL (p<0.05). The vessels of the high-altitude

pigs were larger in diameter than those of the low-altitude pigs by a

nonsignificant margin (p> 0.05).

3.3 Characteristics of the arteriolar epithelium
observed by scanning electron microscopy

The rough surfaces of the cardiac arteries were observed in Tibetan

pigs and Landrace pigs using a scanning electronmicroscope (Figure 3).

A three-dimensional analysis revealed that the main trunk of the coro-

nary artery followed a bent course and became increasingly fine in

diameter as it proceeded. Each trunk gave outmany branches in differ-

ent directions, covering the surface of the heart or extending inwards

and had an increasing number of branches from the aorta to the arte-

rioles. The uneven distribution of the cardiac arteriole surfaces resem-

bled tree bark, and the arterioles ended with obtuse-angled branches

measuring 40–168 µm in diameter. Endothelial nucleus indentations

were distributed on the surfaces of the cardiac arterioles, and the

length and width were approximately 19.88 and 2.31 µm, respec-

tively. Interestingly, the surfacesof the arterioles hadplicatedendothe-

lial nucleus indentations shaped like ripples in water; these inden-

tations were distributed uniformly, and their length and width were
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TABLE 1 Cardiac morphological indicators

Ratio

Breeds

TH TL LH LL

Heart weight/bodyweight 0.0033a ± 0.0001 0.0034a ± 0.0002 0.0026b ± 0.0002 0.0026b ± 0.0001

Density 1.4802a ± 0.0214 1.4163b ± 0.0286 1.1000c ± 0.0214 1.0404d ± 0.0077

Major axis/minor axis of the heart 1.1400b ± 0.0470 1.1708b ± 0.1340 1.5300a ± 0.0321 1.5573a ± 0.0365

Notes: Because the Tibetan and Landrace pigs exhibited major differences in body weight, we compared the ratio of heart weight to body weight. Among the

TH, LH, TL and LL groups, different letters in the same column indicate a significant difference (p < 0.05), while the same letters in the same column indicate

no significant difference (p> 0.05).

Abbreviations: LH, Landracemale pigletsmigrated to highlands; LL, Landracemale piglets from the lowlands; TH, Tibetanmale piglets from the highlands; TL,

Tibetanmale piglets migrated to lowlands.

F IGURE 2 Morphological features of the cardiac
arteries. The images show casts of the cardiac arteries
in two pig breeds: Tibetan pigs (left), and Landrace
pigs (right). (a) Coronary artery. (b) First-level branch.
(c) Arterioles

approximately 27.94 and1.97µm, respectively. The surfaces of the car-

diac arterioles had more and deeper bark-like endothelial cell indenta-

tions and circumferential constrictions in Tibetan pigs, particularly TH,

than in Landrace pigs. Meanwhile, the bark-like endothelial cell inden-

tations and circumferential constrictionwere visiblemainly on the ter-

minal arterioles in LH.

3.4 Correlation analysis of hypoxia-related genes

Our previous studies of blood biochemical criteria have shown that

there are significant differences in red blood cell (RBC) counts,

HGB, haematocrit, mean corpuscular volume, mean corpuscular

haemoglobin and red cell volume distributionwidth-coefficient of vari-

ation among the four groups (Figure 4).

The analysis of gene expression revealed that therewere significant

differences in the expression levels ofHIF-1α, VEGF, eNOS, EPO, EPAS1
and EGLN1 among the four groups (Figure 5). The cardiac expression

levels of HIF-1α and eNOS were significantly higher in pigs reared at

high altitude than in those reared at low altitude (p < 0.05), and the

highest levels of these genes were found in the TH group. In contrast,

EGLN1 had the opposite trend with respect to HIF-1α and eNOS and

was related to RBCs. The expression of VEGF in Tibetan pigs was sig-

nificantly higher than that in Landrace pigs (p < 0.05) and exhibited a
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TABLE 2 Diameters of the cardiac arteries

Average diameter/weight

Part Branches TH (3000m) LH (2500m) TL (1000m) LL (1000m)

Ratio (major/minor axis) 1.0898 1.5814 1.1006 1.5807

Left coronary artery Trunk 0.0451a ± 0.0009 0.0112b ± 0.0002 0.0446a ± 0.0007 0.0112b ± 0.0003

First-level branch 0.0387a ± 0.0010 0.0097c ± 0.0002 0.0372b ± 0.0003 0.0095c ± 0.0001

Second-level branch 0.0186a ± 0.0006 0.0048c ± 0.0002 0.0152b ± 0.0016 0.0042c ± 0.0002

Third-level branch 0.0163a ± 0.0006 0.0043c ± 0.0003 0.0140b ± 0.0009 0.0041c ± 0.0001

Right coronary artery Trunk 0.0457a ± 0.0008 0.0111c ± 0.0001 0.0428b ± 0.0008 0.0107c ± 0.0004

First-level branch 0.0387a ± 0.0010 0.0102c ± 0.0002 0.0356b ± 0.0009 0.0097c ± 0.0003

Second-level branch 0.0185a ± 0.0006 0.0050c ± 0.0001 0.0153b ± 0.0009 0.0043c ± 0.0001

Third-level branch 0.0156a ± 0.0006 0.0044c ± 0.0002 0.0124b ± 0.0004 0.0041c ± 0.0001

Note: Among the TH, LH, TL and LL groups, different letters in the same column indicate a highly significant difference (p < 0.05), and the same letters in the

same column indicate no significant difference (p> 0.05).

Abbreviations: LH, Landracemale pigletsmigrated to highlands; LL, Landracemale piglets from the lowlands; TH, Tibetanmale piglets from the highlands; TL,

Tibetanmale piglets migrated to lowlands.

F IGURE 3 Distribution and superficial features of the arterioles in the heart. (a) The arteriole distribution of the left atrium (×30). (b) The
arteriole distribution of the atrium (×100). (c) The arteriole distribution of the ventricle (×400). (d) The arteriole distribution of the ventricle
(×500). (e) Imprints of the endothelial nuclei of the TH group (×130). (f) Imprints of the endothelial nuclei of the LH group (×70). (g) Imprints of the
endothelial nuclei of the TL group (×150). (h) Imprints of the endothelial nuclei of the LL group (×70). (i) The distribution of annular narrowing in
the TH group (×270). (j) The distribution of annular narrowing in the LH group (×300). (k) The distribution of annular narrowing in the TL group
(×300). (l) The distribution of annular narrowing in the TL group (×400)
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F IGURE 4 Expression levels of blood
biochemical indexes in the four groups of pigs.
Note: Different superscripts indicate that the
expression levels differed significantly
(p< 0.05, mean± SE) between groups, and
matching superscripts indicate that the levels
did not differ significantly (p> 0.05, mean± SE)

F IGURE 5 Expression levels of hypoxia-inducible factor-1α (HIF-1α), vascular endothelial growth factor (VEGF), endothelial nitric oxide
synthase (eNOS), erythropoietin (EPO), endothelial PAS domain-containing protein 1 (EPAS1) and Egl nine homolog 1 (EGLN1) in the hearts of the
four groups of pigs and their relation to vessel diameter, red blood cells (RBCs) and haemoglobin (HGB). Note: Different superscripts indicate that
the expression levels differed significantly (p< 0.05, mean± SE),between groups, andmatching superscripts indicate that the levels did not differ
significantly (p> 0.05, mean± SE)

similar trend to the artery diameter.Notably, the expressionofEPO and

EPAS1was significantly higher in LH than in the other groups (p< 0.05)

andwas associated with HGB.

4 DISCUSSION

4.1 Anatomical structure and arterial function

The use of oxygen by the body depends on the cardiovascular cir-

culatory system, and the flow rate and state of blood are closely

related to the oxygen concentrations (Meilhac & Buckingham, 2018).

The ratio of the major axis to the minor axis was closer than 1 in

Tibetan pigs than in Landrace pigs, which illustrates that the former

breed has stronger heart function than the latter, enhancing the abil-

ity to adapt to a hypoxic plateau environment. The diameters of sev-

eral arteries in the heart were significantly greater in Tibetan pigs

than in Landrace pigs. This implies that the cardiac arterial system

is more developed at higher altitudes and might more efficient to

transport oxygen (Wang et al., 2020). The increased arterial diame-

ters of Tibetan pigs might be a physiological basis for the transport of
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additional blood to the heart. Circulation of blood throughout the body

is dependent on the efficiency of blood supply to the heart; there-

fore, high-altitude animals require large-diameter cardiac arterioles

and branches to ensure that the blood supplymeets the demand (Meil-

hac & Buckingham, 2018). The diameters of some of the main cardiac

arteries and arteriole branches gradually increasedwith altitude of the

Tibetan pigs to adapt to extreme environmental conditions such as

high altitude and low oxygen pressure (Wang et al., 2020; Zhou et al.,

2015).

The architecture of the vascular network is closely related to blood

flow and heart function, as an efficient vascular network can ensure

that organs obtain blood (Avivi et al., 2005). Vascular endothelial cells

are widely distributed in various tissues and are the only cells in con-

tact with blood (Tetsuo et al., 2016). Vascular endothelial cells with a

lamellar and lamelliform appearance are conducive to the absorption

of liquid fromplasma and its transport to tissues (X. Xu, Xu, et al., 2019).

The ultrastructure of the arteriolar endothelium differed between pig

breeds, in particular, the bark-like dents on the surface of the cardiac

arterioles are more prominent and concentrated in Tibetan pigs than

in other breeds (P. Zhang & Zuo, 1997). Some studies have found that

the surfaces of the cerebral and heart arteries of yaks resemble bark,

and the indentation on the surface is tapered (He, 2007). The bark

dents on the surfaceof arterioles aremadeby the smoothmuscle fibres

of the vascular endothelium (X. Xu, Xu, et al., 2019). Vascular smooth

muscle cells, which generally have a tapered shape, play an important

role in regulating the rate of blood flow and maintaining vascular ten-

sion, and increased blood flow velocity leads to an increase in oxy-

gen supply to tissues (Almohanna & Wray, 2018; Padget et al., 2019).

Some studies found constriction of smoothmuscle cells on the surfaces

of arterioles in the lungs and the ventricular wall in yaks (He, 2007;

Zhou et al., 2015). Similar structures have been observed in the car-

diac arterioles in pigs, where these arterioles similarly play an active

regulatory role in maintaining blood flow. In the present study, com-

pared to the low-altitude Landrace breed, Tibetan pigs had deep and

concentrated constrictions. This means that in the hearts of Tibetan

pigs, the vascular network regulates and distributes blood flow in a

way that is suitable for extreme environments, ensuring the normal

developmentof theheart and systemic circulation (He, 2007). Basedon

these findings, blood flow velocity in Tibetan pigs is probably enhanced

by the intensively developed smooth muscle fibres in the vascular

endothelium of the cardiac arterioles, and this seems to be the mech-

anism through which normal blood pressure levels are maintained in

these pigs in high-altitude and hypoxic environments (Padget et al.,

2019).

Tibetan pigs (TH, TL) and high-altitude pigs (TH, LH) have more

developed hearts, larger vessel diameters, more abundant blood ves-

sel surface indentations and annular constrictions, which were also

found in yak hearts (He, 2007). Thismeans that in high-altitude breeds,

the heart receives abundant arterial blood flow (Wang et al., 2020).

In contrast, the smaller vascular diameters of the cardiac artery and

its branches in low-altitude breeds imply that the heart received less

blood supply (Zhou et al., 2015).

4.2 Blood biochemical indexes in pigs

Compared with the plain area, the plateau zokor and Tibetan antelope

show lower HGB and RBC, which is beneficial to reduce blood viscos-

ity and increase blood flow to achieve higher oxygen supply levels (Y. F.

Zhang et al., 2015; W. Zhang et al., 2014). However, the HGB and RBC

of Tibetan pigs and Landrace pigs in high altitude were higher than low

altitude environment, and yak, Tibetan sheep and goats have similar

features of HGB and RBC levels to increase the RBCs in hypoxia envi-

ronment responsible for compensation by diffusion and the synthesis

of HGB and increase the ability of pigs to carry oxygen (Beall et al.,

2010; X. Y. Kong et al., 2014; X. Kong et al., 2019; Y. J. Xu, Gong, et al.,

2019). It showed stronger oxygen release ability than hypoxic environ-

ment, thus improving the organism’s tolerance to high-altitude hypoxic

environment.

4.3 Differential expression of hypoxia-related
genes in the heart and their associations with the
morphology and physiology of pigs

There are certain adaptive characteristics to hypoxic environment that

are showed through studies on morphological characteristics of lung

and heart, blood physiology and biochemistry, as well as on the evo-

lution of genomic adaptations at the molecular level in Tibetan pigs

(Yang et al., 2021; B. Zhang et al., 2017). Tibetan pigs can survive in a

plateau environment due to their adaptation to hypoxic conditions, and

the normal functioning of the heart is mainly regulated by angiogene-

sis, cellular energy metabolism and the expression of hypoxia-related

genes (Ma et al., 2019; B. Zhang et al., 2019).

The expression of HIF-1α was highest in high-altitude Tibetan pigs

than in other groups and was related to the oxygen partial pressure

in the habitat as a major hypoxia-inducing factor (Amany et al., 2018;

Depoix et al., 2017). VEGF could be positively regulated by HIF-1α
and the expression of VEGF was higher in Tibetan pigs than that of

Landrace pigs, which could promote endothelial cell proliferation

and neovascularization, increasing vascular permeability to promote

the development of cardiovascular system as a key vascular related

factor (Srinivasan et al., 2015; Wang et al., 2020; Yu et al., 2018).

The expression of eNOS and the relative vascular diameter were the

highest in the high-altitude Tibetan pigs, and it is believed that eNOS

can regulate blood pressure and vascular permeability by influencing

the vascular diameter (Janaszak-Jasiecka et al., 2018; Kim et al., 2016).

EPAS1 has a potential key role in normal erythropoiesis (Peng et al.,

2017; X.-H. Xu et al., 2018; Xin et al., 2020). The expression of EPAS1 is

significantly higher in the high-altitude than in the low-altitude group,

which may adapt to the long-term hypoxia environment by mediating

the preferential proliferation of erythrocytes under chronic hypoxia

conditions (Liu et al., 2020; Peng et al., 2017; X.-H. Xu et al., 2018). EPO

expression is rapidly increased to stimulate compensatory production

of RBSs to relieve anoxic environment (El et al., 2013). The expression

of EPO in the high-altitude group was significantly higher than that in
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the low-altitude group, which resulted in enhanced proliferation and

differentiation of RBC precursors and excessive accumulation of RBCs

to increased HGB (Amany et al., 2018; El et al., 2013).

5 CONCLUSION

This studydemonstrates that the hearts of Tibetanpigs are heavier and

wider than those of Landrace pigs and that Tibetan pigs have a higher

number of and denser arteries and arterioles than Landrace pigs. The

analysis of the hearts structure revealed that the high-altitude Tibetan

pigs had more developed hearts and abundant arteries to ensure their

circulation in a low oxygen environment. In addition, the HIF pathway

might be one of the major factors that influence the RBC count, HGB

level and number of arterioles, which might be regulated through

the environment. The findings also show that the regulation of the

heart function of Tibetan pigs in a hypoxic environment is manifested

at various levels to ensure breathing under extreme environmental

conditions.
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