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Abstract
Postoperative complications of phacoemulsification, such as corneal edema caused by human corneal endothelial cell (CEC) injury, are still a matter of concern. Although several factors are known to cause CEC damage, the influence of ultrasound on the formation of free radicals during surgery should be considered. Ultrasound in aqueous humor induces cavitation and promotes the formation of hydroxyl radicals or reactive oxygen species (ROS). ROS-induced apoptosis and autophagy in phacoemulsification have been suggested to significantly promote CEC injury. CEC cannot regenerate after injury, and measures must be taken to prevent the loss of CEC after phacoemulsification or other CEC injuries. Antioxidants can reduce the oxidative stress injury of CEC during phacoemulsification. Evidence from rabbit eye studies shows that ascorbic acid infusion during operation or local application of ascorbic acid during phacoemulsification has a protective effect by scavenging free radicals or reducing oxidative stress. Both in experiments and clinical practice, hydrogen dissolved in the irrigating solution can also prevent CEC damage during phacoemulsification surgery. Astaxanthin (AST) can inhibit oxidative damage, thereby protecting different cells from most pathological conditions, such as myocardial cells, luteinized granulosa cells of the ovary, umbilical vascular endothelial cells, and human retina pigment epithelium cell line (ARPE-19). However, existing research has not focused on the application of AST to prevent oxidative stress during phacoemulsification, and the related mechanisms need to be studied. The Rho related helical coil kinase inhibitor Y-27632 can inhibit CEC apoptosis after phacoemulsification. Rigorous experiments are required to confirm whether its effect is realized through improving the ROS clearance ability of CEC.
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INTRODUCTION
Phacoemulsification has recently become an increasingly popular surgical procedure for cataracts, with improvements in devices and surgical techniques. However, postoperative complications are still a problem worthy of concern, such as infective endophthalmitis, retinal detachment, and corneal edema due to damage to human corneal endothelial cells (CECs). Although several factors are known to cause CEC damage, the effects of free radical formation by ultrasound waves during the procedure should be considered. Ultrasound in aqueous humor induces acoustic cavitation[1] and promotes the formation of reactive oxygen species (ROS)[2]. ROS-induced corneal endothelial damage has been demonstrated to significantly promote apoptosis and autophagy during phacoemulsification[3]. CECs cannot regenerate after injuries[4], and strategies must be taken to prevent CEC loss after phacoemulsification or other endothelial injuries. This paper discusses corneal endothelial injury caused by oxidative stress secondary to acoustic cavitation during phacoemulsification and also related protective measures and implications for related fields.

THE IMPORTANCE OF PREVENTING CECS LOSS AND INJURY
Phacoemulsification surgery is the most commonly used surgery to treat cataracts. The complications of phacoemulsification, which affect the prognosis of visual acuity, are still a matter of concern. These complications include macular cystoid edema, infectious endophthalmitis, retinal detachment, and corneal edema due to loss of CEC. Corneal edema caused by decompensation of CEC is one of the most serious complications of phacoemulsification and can lead to severe visual loss and pain. CECs play a crucial role in regulating the constant dehydration of the corneal stroma and transparency[5]. CECs play a role mainly through active fluid pump and barrier function[6]. Both clinical and experimental studies have shown that the proliferation ability of human CECs is limited[7]. CEC density (ECD) usually starts from 4000 cells/mm2 at birth and gradually decreases with age. The average value for adults is approximately 2500 cells/mm2, while the average value for elderly individuals is less than 2000 cells/mm2. Corneas with an ECD less than 1000 cells/mm2 may not be able to tolerate intraocular surgery. When ECD is less than 500 cells/mm2, corneal edema and compensatory imbalance usually occur[8]. In previous studies, uneventful cataract surgery has been proven to induce CEC loss ranging from 12% to 20%[9,10]. At present, the only effective option to treat corneal endothelial dysfunction is corneal transplantation (e.g., full thickness penetrating keratoplasty or lamellar endothelial keratoplasty)[11]. In phacoemulsification, CEC damage is caused by ultrasonic mechanical damage, such as turbulence of the anterior chamber fluid and mechanical collision of bubbles and crystal fragments[12]. The application of viscoelastic materials in ophthalmology can limit the CEC damage caused by this aspect. Studies have confirmed that endogenous damage caused by oxidative stress plays a major role in CEC damage caused by phacoemulsification[3,13]. Therefore, how to maximize the prevention of CEC loss and injury during and after phacoemulsification and how to find the best effective safety strategy to protect CECs is a research priority.

ACOUSTIC CAVITATION AND ITS EFFECTS ON CECS
Ultrasonic energy is used in various surgical operations and is generated by the conversion of electrical energy by piezoelectric crystals located in the casing head. The probe is a hollow or solid metal conduit that directs ultrasonic vibration energy from the transducer to the target tissue (Figure 1). The low-frequency and high-energy ultrasonic radiation from the transducer can lead to the periodic compression and expansion of bubbles suspended in the liquid medium. Acoustic cavitation (that is, bubble expansion and rapid adiabatic collapse in solution) can generate enough energy to generate free radicals, sonoluminescence, high pressure and temperature rise in the bubble gas phase, bubble core and liquid interface[14]. In a water medium, water molecules decompose to form H+ and OH- radicals as the main primary radicals. The generation of acoustic cavitation in a water medium is a random, nonlinear, complex and multifactor-related phenomenon.
Bond[14] proposed a mechanical model to describe the interaction between phacoemulsification or other ultrasonic operations and various tissues. In the process of phacoemulsification, the direct mechanical vibration effect between the probe and the tissue will produce a large amount of heat accumulation, so continuous synchronous irrigation can be used to reduce the heat effect. The application of irrigating fluid in ophthalmic surgery can reduce friction and thermal effects; however, the gas nuclei in these aqueous solutions may produce acoustic cavitation. Acoustic cavitation may interact with tissues through chemical, electromagnetic radiation, thermal and mechanical effects and reportedly cause cell and intracellular damage. The combined effects of acoustic cavitation on the survival of damaged cells (that is, the generation of radiation, ultraviolet radiation, high temperature and high pressure leading to acoustic perforation) may lead to ultrasonic energy damage and may explain immediate cell damage, apoptosis and death[15,16].
In phacoemulsification, because monolayer endothelial cells cannot regenerate, the damage and destruction of CECs should be minimized or eliminated. Aqueous humor contains natural antioxidants. In phacoemulsification, the irrigating solution circulates through the anterior chamber of the eye at a rate of approximately 20-30 mL/min to prevent heat accumulation. This effectively irrigates all aqueous humor within a few seconds, thus removing all natural antioxidants that usually protect the anterior chamber from oxidative damage. Therefore, ultrasonic emulsification in the irrigating solution environment can produce acoustic cavitation, but it depletes the natural antioxidants of aqueous humor.
The main expected effect of phacoemulsification is to chop, emulsify and empty the cataractous lens through the small clear corneal incision. To reduce heat accumulation and help lens fragmentation and emulsification, as well as the removal of debris, synchronous irrigation must be carried out continuously. However, for the generation of free radicals and sonoluminescence, cavitation may be considered an undesirable byproduct of phacoemulsification. Free radicals have been shown to cause toxic ocular oxidative damage, such as in the retina, lens and cornea[17]. The cytotoxicity of ROS to photosensitizer-treated and light-treated bovine CEC has been proven to be mediated by a parallel pathway leading to apoptosis and necrosis[18].

INHIBITING OXIDATIVE STRESS INDUCED BY ACOUSTIC CAVITATION PROTECTS CECS
Studies have confirmed that endogenous damage caused by oxidative stress plays an important role in CEC damage caused by phacoemulsification[3,16]. Therefore, some antioxidants can reduce the damage to CECs in phacoemulsification.
Holst et al[18] determined the formation of free radicals by adding luminol to the buffer solution and measuring the chemiluminescence in vitro and in rabbit eyes during phacoemulsification. They found that free radicals were formed during the process of phacoemulsification, and the number of free radicals was related to the power of ultrasound. In addition, the free radical scavenger superoxide dismutase (SOD) can inhibit the formation of free radicals, indicating that adding SOD to the irrigating solution during phacoemulsification can reduce the damage to CECs. Rubowitz et al[19] performed long-term phacoemulsification in the anterior chamber on 17 rabbit eyes. In 9 eyes, balanced salt eye solution was used in the phacoemulsification, and in 8 eyes, 0.001 M ascorbic acid was added to the solution. All other parameters were the same between the two groups. They found that there was no significant difference between the two groups in the number of CECs before the operation, but the ECD of the ascorbic acid treated group was higher compared to the other group after the operation (P = 0.011). They believed that adding ascorbic acid in the irrigating solution could significantly reduce the loss of CEC during phacoemulsification by approximately 70% and that it was due to the free radical scavenging properties of ascorbic acid. M Padua et al[12] showed that during phacoemulsification surgery in dogs, the application of ascorbic acid at a final concentration of 0.001 M in the irrigating solution significantly reduced the loss of CEC, the loss of hexagonal cells, and the coefficient of variation of CEC. Lee et al[20] reported the clinical application of ascorbic acid to prevent CEC damage related to phacoemulsification surgery in 2 patients during the perioperative period. In addition to cataracts, 2 patients suffered from Fuchs corneal endothelial dystrophy and corneal endotheliitis. Nakamura et al[21] emphasized the protective effect of the antioxidant glutathione on CEC caused by ROS and found that oxidized glutathione has a better effect. Both oxidized glutathione and reduced glutathione can protect CECs.
The most relevant studies on acoustic cavitation and its effects on CECs are summarized in Table 1. A figure describing acoustic cavitation and its effects on CECs is included (Figure 2).

IMPLICATIONS FOR RELEVANT FIELDS
Endogenous injury of CECs induced by oxidative stress is the main cause of CEC injury induced by phacoemulsification. Reducing the damage to CECs during cataract surgery has been a hot topic in the field of ophthalmology.
Astaxanthin (AST) is an orange red carotenoid pigment that is the strongest antioxidant in nature. It has a variety of biological activities, including anticancer, anti-inflammatory, antiaging, antidiabetic, immune regulation and neuroprotective activities. However, it is unclear whether AST can protect CECs from endogenous damage caused by oxidative stress during phacoemulsification.
AST does not exist in human eyes and aqueous humor. At present, there are some studies on AST in ophthalmology. Otsuka et al[22] found that AST can prevent retinal ischemic damage through its antioxidant effect in a retinal ischemia‒reperfusion model. Dong et al[23] found that in the diabetes db/db mouse model, AST can reduce the apoptosis of retinal ganglion cells, reduce the oxidative stress pressure of retinal tissue in db/db mice, reduce superoxide anion, reduce malondialdehyde, reduce 8-hydroxy-2-deoxyguanosine (8-OHdG) and increase manganese superoxide dismutase (Mn SOD) activity. Hashimoto et al[24] conducted a clinical experiment to evaluate the antioxidant effect of AST through changes in superoxide scavenging activity, hydrogen peroxide level and total organic peroxide in human aqueous humor. The subjects were 35 patients who underwent bilateral cataract surgery before and after taking AST (6 mg/day for 2 wk), and aqueous humor was taken during the surgery. After AST intake, the superoxide scavenging activity increased significantly, and the total organic peroxide level decreased significantly. The superoxide scavenging activity was significantly, negatively correlated with the total organic peroxide level (R = -0.485, P < 0.01), indicating that AST intake obviously enhanced the superoxide scavenging activity of human aqueous humor and inhibited the production of total organic peroxide in aqueous humor.
Many scholars have conducted in-depth research on the mechanism of AST in various cells. In a recent study, an ultraviolet (UV) B-induced oxidative stress model was used to evaluate the antioxidant effect of AST on a human retina pigment epithelium cell line (ARPE-19). The results showed that 20 μM and 40 μM AST can increase cell viability and have synergistic effects with ascorbic acid[25,26]. Increasing evidence shows that ROS production stimulates Phosphatidylinositol-3-kinase-serine/threonine kinase Akt (PI3K-Akt) mediated autophagy, while AST improves cell survival under oxidative inflammation conditions by activating the Akt signaling pathway[27]. Li Z and colleagues have proven that AST plays a protective role in H2O2-induced oxidative damage by activating the PI3K-Akt pathway, and then PI3K-Akt further activates several downstream signal transduction media, such as mammalian target of rapamycin (mTOR) and the Nuclear factor erythroid 2-related factor 2-antioxidant response elements (Nrf2-ARE) pathway[28].
However, no previous studies have focused on the role of AST in the oxidative stress injury of CEC during phacoemulsification and its related mechanisms. In fact, in addition to phacoemulsification, there are many risk factors for the increase in CEC, such as solar ultraviolet radiation, aging and malnutrition. Therefore, local application of AST may contribute to the protection of patients with fragile CEC.
Previous papers have suggested that Rho related helical coil kinase (ROCK) plays important roles in cell cycle control because ROCK inhibits the premature separation of two centrioles in G1 period and is indispensable for the contraction of the cleavage groove (a necessary step for the completion of cytokinesis)[29]. The ROCK inhibitor Y-27632 has been proven to increase proliferation and even immortalize primary keratinocytes in the presence of feeder cells[30]. Achiron et al[30] divided the corneal ring of a human donor into fragments, stored them in commercial storage medium with or without 10 mmol/L ROCK inhibitor, and then exposed them to phacoemulsification. The sample was separated into single cells by trypsin digestion. CEC was labeled with anti-CD166 antibodies to evaluate the early and late apoptosis rate of survival of CEC by flow cytometry analysis of annexin V and propidium iodide (PI) double staining. Six corneal and scleral rings from 4 donors were studied. After phacoemulsification, compared with the control group, the CEC exposed to Y-27632 showed that the early apoptosis rate decreased by 37.06%, and the late apoptosis rate decreased by 45.27%. The authors believe that ROCK inhibitors can be used before cataract surgery, especially in high-risk patients. This may be a promising new method to prevent pseudophakic bullous keratopathy. However, the author has not clarified the mechanism behind the effect. Zhou et al[31] found that the primary limbal epithelial cells of rabbits treated with Y-27632 also showed improved colony formation efficiency by enhancing the expansion of stem/progenitor cells. They proved that Y-27632 improved the cloning efficiency of rabbit limbal stem/progenitor cells by improving their adhesion and ROS clearance ability. Therefore, rigorous experiments are required to confirm whether the effect of Y-27632 on inhibiting the apoptosis of CECs after phacoemulsification is realized through the mechanism of improving the ROS clearance ability of CECs.

CONCLUSION
Ultrasound in aqueous humor can induce cavitation and promote the formation of ROS. ROS-induced apoptosis and autophagy have been suggested to significantly promote CEC injury during phacoemulsification. AST can inhibit oxidative damage, thus protecting different cells from most pathological conditions. However, existing research has not focused on the application of AST to prevent oxidative stress during phacoemulsification. Y-27632 inhibited CEC apoptosis after phacoemulsification. Further experiments are required to confirm whether the effect is realized by improving the ROS clearance ability of CECs.
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Figure Legends
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Figure 1 Photograph of the probe and sleeve. A: Probe; B: Front of probe with sleeve; C: Side of probe with sleeve.
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Figure 2 Acoustic cavitation and its effects on corneal endothelial cells.

Table 1 The most relevant studies about acoustic cavitation effects and its effects on corneal endothelial cells
	Ref.
	Journal
	Key points

	Hsueh et al[3]
	Cells
	ROS-induced CECs damage has been demonstrated to significantly promote apoptosis and autophagy during phacoemulsification

	M Padua et al[12]
	Vet Ophthalmol
	Oxidative stress plays a major role in CECs damage and ascorbic acid significantly protected CECs during phacoemulsification

	Ashush et al[13]
	Cancer Res
	Acoustic cavitation can generate free radicals, sonoluminescence, high pressure and temperature rise

	Holst et al[18]
	Curr Eye Res
	SOD can inhibit the formation of free radicals during phacoemulsification

	Rubowitz et al[19]
	Invest Ophthalmol Vis Sci
	The number of postoperative CECs in the study group treated with ascorbic acid was significantly more

	Lee et al[20]
	World J Clin Cases
	Clinical application of ascorbic acid can prevent CECs damage related to phacoemulsification


CECs: Corneal endothelial cells; SOD: Superoxide dismutase; ROS: Reactive oxygen species.
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