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Dry eye disease (DED) is one of the most commonly diagnosed eye disorders, with a prevalence ranging from 5 to 50%, depending on the geographic location. DED is a multifactorial disorder of the tears and ocular surface, which results in symptoms of discomfort, visual disturbance, and tear film instability with potential damage to the ocular surface. It is also accompanied by increased osmolarity of the tear film and inflammation of the surface of the eye. Multiple therapeutic agents have been used to treat DED, with glycerol emerging as a promising component of ophthalmic preparations, due to its humectant, lubricant, demulcent, and osmoprotective properties. This review aims to evaluate the current evidence concerning the therapeutic benefits of glycerol in managing DED, focusing on its possible mechanisms of action, clinical efficacy, and potential advantages over other treatments.
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1 Introduction

Dry eye disease (DED), also known as dry eye syndrome (DES) or keratoconjunctivitis sicca (KCS), is a common chronic and often progressive condition marked by a loss of homeostasis in the tear film, leading to symptoms such as dryness, tearing, burning, stinging, ocular fatigue, and a foreign body sensation (1, 2), as well as corneal abrasions and pain (3, 4). DED is also usually accompanied by increased osmolarity of the tear film and ocular surface inflammation (5). It is one of the world’s most commonly diagnosed eye disorders, with an estimated prevalence between 5 and 50%, depending on the geographic location (5). Because of this frequency, DED is also a burden on healthcare, estimated to cost the US system almost 4 billion dollars annually (6). Recently, there has been an increase in the incidence of DED due to multiple factors. These include, but are not limited to, contact lens use, age (increasing prevalence with age), sex (more common in females than in males), psychiatric illness, frequent computer and screen use, malnutrition (mainly omega-3 and omega-6 fatty acid and vitamin A deficiencies) (7), medications such as antihistamines and postmenopausal estrogen therapy, and refractive surgery (8). Likewise, environmental factors such as UV radiation, pollutants, and ozone can also promote the development of this disease (9). For example, DED can result from exposure to the extreme environmental conditions often found in combat areas. Indeed, a 2013 study found that almost half of male veterans 50 years or older attending an eye care clinic reported symptoms of severe DED (10). A subsequent study in Operation Iraqi Freedom and Operation Enduring Freedom veterans found that more than a quarter of these younger veterans also reported severe symptoms (11), a value similar to another study (12), suggesting the significance of DED in veterans, as well as the general population. Overall, patients with DED frequently experience a decreased quality of life with an increased risk for vision problems and blindness.

Considering the prevalence and morbidity associated with DED, there is a growing demand for effective and safe treatments for the disease. Currently, treatments for DED include artificial tears, anti-inflammatories, and punctal plugs (13). Some of these, such as topical corticosteroids, the current standard of care for corneal inflammation, can have potentially significant adverse side effects, such as ocular hypertension, glaucoma, cataracts and aggravation of infections (14, 15), indicating the importance of additional therapies to treat this condition. In recent years, glycerol has been a common ingredient in artificial tears. Glycerol is widely used in skincare, food, and pharmaceutical products. Likewise, it has been studied for its potential therapeutic effects in treating DED for its non-toxic and soothing properties. This review discusses glycerol’s possible utility as a DED therapy, including its potential mechanisms of action.


1.1 Characteristics and pathophysiology of dry eye disease

DED has two common subtypes: aqueous deficient dry eye (ADDE) and evaporative dry eye (EDE). These can present in patients individually or in combination. ADDE is caused by reduced tear production, usually from damage or dysfunction of the lacrimal glands. EDE develops as a result of meibomian gland dysfunction, causing an abnormality of the lipid secretion needed to regulate water evaporation and maintain a normal tear film (16). Both subtypes result in a hyperosmolar tear film, inflammation, and damage to the ocular surface. Likewise, recent studies have found that autoimmune diseases, such as Sjögren’s syndrome, rheumatoid arthritis, systemic lupus erythematosus (SLE), mixed connective tissue disease (MCTD), scleroderma, and sarcoidosis are also contributing factors to DED (17–19). Thyroid dysfunction has also been associated with DED (17).

DED is considered as both an acute and chronic condition. Acute DED commonly activates the innate immune system and causes an acute inflammatory response. Over time DED will activate the adaptive immune system and cause a chronic inflammatory response to become chronic DED. Chronic DED is accompanied by tear film hyperosmolarity and tear film instability, either from an increase in the evaporative loss of the tear film or a decrease in aqueous tear production. This dyshomeostasis of the tear film can then activate mitogen-activated and stress-associated protein kinases. This activation occurs in the epithelial cells of the ocular surface, and common kinases activated include p38 and c-Jun terminal kinase (JNK) (20). This increased kinase activity further stimulates the inflammatory cascade, to release chemical mediators such as vasoactive peptides and amines, pro-inflammatory cytokines and chemokines, acute phase proteins, and eicosanoids (21). Chronic inflammation can cause irreversible damage to the ocular surface, injuring the epithelial cells, the ocular nerves, and the goblet cells (20), that produce mucin, leading to corneal and conjunctival cell death via apoptosis, goblet cell loss, and poor mucus secretion (20). Likewise, DED-induced damage to the meibomian glands also further promotes the irreversible chronic inflammatory cycle (20). Given this vicious cycle, the main objectives of treating DED include restoring tear film stability, reducing inflammation, and improving patient comfort (Figure 1).
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FIGURE 1
 Corneal structure, including tear film components. Shown is the anterior portion of the eye with its various structures labeled, including the cornea which interfaces with the external environment. The cornea is covered by a tear film composed of a mucin layer, an aqueous layer and a lipid layer. The cornea is transparent and helps to focus the light as it enters the eye; together, the cornea and the tear film also make important contributions to the refractive capacity of the eye. Damage to the cornea, such as can occur with DED, can result in immune cell infiltration, inflammation and opacity that can compromise vision. Created using biorender.com.




1.2 Properties of glycerol

Glycerol, also known as glycerin, is a three-carbon alcohol presenting as a colorless, odorless, viscous liquid commonly found in nature and in the human body (22). Glycerol is hygroscopic and a reliable humectant that attracts and retains moisture, which can help hydrate the ocular surface. The bioavailability of glycerol when applied to the eye is naturally low, considering the structural and physiological barriers of the eye. Structural barriers include the presence of hydrophilic stroma along with hydrophobic epithelium and endothelium. Physiologic barriers include lacrimal turnover, efflux transporters, blinking reflexes, and the binding of drugs to conjunctival mucins, and melatonin and tear proteins (23). Nevertheless, glycerol’s osmoprotective effects can decrease the harm caused by tear film hyperosmolarity. Accordingly, glycerol has been shown to protect cells from dehydration and environmental stress, which is particularly relevant in the context of DED, given that cellular damage from osmotic stress is common (7). Moreover, glycerol exhibits demulcent properties (4). Finally, a less often considered characteristic of glycerol is its role as a building block for synthesizing other organic molecules. In particular, glycerol is a structural component of various lipids, which comprise part of the tear film and help to reduce evaporative water loss from the ocular surface (24). For example, glycerol forms the backbone of phospholipids, neutral lipids, and the headgroup of the phospholipid, phosphatidylglycerol. All of these features of glycerol may contribute to possible beneficial effects of DED, as will be discussed.



1.3 Clinical evidence of glycerol’s benefit in the treatment of dry eye disease

Several clinical studies have evaluated the efficacy of glycerol-based artificial tears in treating DED, showing encouraging results in terms of improvement of signs and symptoms, as well as with regards to safety.


1.3.1 Efficacy in symptom relief

Glycerol is often a component of artificial tears (25, 26), although few studies have studied the effect of isotonic glycerol alone on DED. Gensheimer et al. (27) examined the efficacy of glycerol-containing artificial tears (1%) in patients with DED. The results indicated significant improvement in objective measures of tear break-up time (TBUT), compared to Systane® Lubricant Eye Drops [with propylene glycol (0.3%) and polyethylene glycol (0.4%)] (27). TBUT is an indication of the stability of the tear film, determined as the time between the last blink and the appearance of the first dry spot in the tear film (28), with a longer TBUT time reflecting a more stable tear film. Likewise, Lidich et al. (29) examined the efficacy of glycerol-containing microemulsions as a drug delivery vehicle to the anterior chamber of the eye using benzalkonium chloride solution to mimic DED in New Zealand white rabbits. The prepared microemulsion combined Tween 80, Cremophor EL, and glycerol (2.1:1:0.2) as the surfactant phase. Glycerol was utilized to help form the microemulsion and enhance the solubility and stability of the active ingredient, docosahexaenoic acid. Indeed, the study found that this formulation significantly improved TBUT and Schirmer test scores (29). The Schirmer test score reflects the rate of tear production, with a better score indicating greater production. These findings support glycerol’s role as an effective ingredient in artificial tears for symptomatic relief in DED patients.




1.4 Long-term safety and tolerability

Artificial tears containing glycerol have been found to be well-tolerated with minimal adverse effects with continued use. Indeed, Kiss and Nemeth (30) explored the efficacy and tolerability of an ophthalmic formulation containing isotonic glycerol and 0.015% hyaluronic acid over a 3-month application period in patients with severe conjunctivochalasis, a disorder commonly associated with symptoms of dry eye due to the presence of conjunctival folds creating issues with the tear film (31). These authors found that adherence to the treatment plan was high, at least in part because there were no adverse events identified. In addition, the therapy was efficacious in ameliorating patients’ symptoms as well as in improving objective measures such as conjunctivochalasis, TBUT and ocular surface damage, as detected by Lissamine Green staining (26). Glycerol-based artificial tears may also be helpful for patients sensitive to preservatives, as they are often available in preservative-free formulations.



1.5 Comparative efficacy

Compared to other commonly used agents, such as hyaluronic acid and carboxymethylcellulose, glycerol-based tears demonstrated comparable efficacy in improving DED symptoms (3). For example, Gupta et al. (32) examined the efficacy of artificial tears containing either 1% carboxymethylcellulose (CMC) alone or 1% CMC with 0.5% glycerol. They found that patients treated with CMC plus glycerol showed more rapid improvement in TBUT, with better values measured after 1 week of treatment. Similarly, the patients treated with the combination eye drops also exhibited better Schirmer test scores after 7 days. However, at 4 weeks, comparable values were observed in both parameters in the two groups. Lievens et al. (33) obtained similar results in their study with 1% CMC with and without 0.9% glycerol with the glycerol formulation inducing earlier improvement, although the differences did not achieve statistical significance. Some studies have also suggested that glycerol’s osmoprotective properties may offer superior benefits in severe tear hyperosmolarity, positioning glycerol as a unique therapeutic option for this patient population (34).



1.6 Potential mechanisms of action of glycerol in dry eye disease


1.6.1 Humectant effects

As a humectant, glycerol can retain moisture along the ocular surface by attracting and holding water from the surrounding environment, alleviating dryness and discomfort (34). This hydrating effect of glycerol reduces the sensation of dryness and prevents damage to the corneal epithelial cells caused by desiccation.



1.6.2 Osmoprotective properties

One of the main pathologies in DED is tear film hyperosmolarity, which leads to inflammation and injury to the ocular surface. Glycerol’s osmoprotective properties help counteract this by reducing the osmotic stress on ocular surface cells (20). It stabilizes cell membranes and prevents the shrinkage of epithelial cells, thus protecting against damage from hyperosmolarity. This effect is particularly beneficial in ADDE and EDE, where the tear film’s osmolarity is often elevated.



1.6.3 Viscoelasticity and tear film stabilization

Formulations that contain glycerol increase tear viscosity (25), thereby contributing to enhancement of the tear film’s stability and improvement of tear break-up time (TBUT). This stabilization of the tear film may reduce evaporation, one of the key contributors to EDE, thereby prolonging patient comfort between blinks. In addition, as noted above, glycerol can be used to synthesize lipids, which can also stabilize the tear film (24).



1.6.4 Demulcent (soothing or anti-inflammatory) effects

DED is associated with chronic inflammation of the ocular surface (35, 36). Glycerol’s anti-irritant, anti-inflammatory properties, although less extensively studied, may provide an additional benefit through reducing ocular surface inflammation. Glycerol may help reduce the inflammatory response in DED in part by maintaining cellular hydration and reducing osmotic stress (20). However, there are other possible mechanisms through which glycerol might exert anti-inflammatory effects. For example, glycerol may reduce cellular oxidative stress by inhibiting the entry of hydrogen peroxide generated in response to cytokines, such as TNFα (34), into cells expressing aquaporin-3 (AQP3). AQP3 is a channel shown to allow cellular fluxes of glycerol and hydrogen peroxide, in addition to water molecules (37, 38). Choudhary et al. (39) demonstrated that the co-application of glycerol and hydrogen peroxide to AQP3-expressing skin cells (keratinocytes) reduced oxidative stress in these cells compared to those treated with hydrogen peroxide alone. This result suggests the possibility that glycerol decreases hydrogen peroxide transport into cells, perhaps by competing with hydrogen peroxide for cellular entry through AQP3.

There is another mechanism through which glycerol may provide anti-inflammatory actions: by transformation to phosphatidylglycerol. We have previously shown that in skin cells (keratinocytes), AQP3 is associated with the lipid-metabolizing enzyme phospholipase D2 (PLD2), which can use the glycerol transported by AQP3 to produce phosphatidylglycerol (40–42). In turn, we and others have shown that phosphatidylglycerol exerts anti-inflammatory effects by decreasing stimulation of the innate immune system through inhibition of toll-like receptor-2 and -4 (TLR2/4) activation. Phosphatidylglycerol can inhibit TLR2/4 activation by both microbial components, or pathogen-associated molecular patterns (PAMPs), and by endogenous proteins released by endangered or disrupted cells, called danger- or damage-associated molecular patterns (DAMPs) (43–56). In the lung, Voelker and colleagues have demonstrated that phosphatidylglycerol (primarily the species palmitoyl, oleoylphosphatidylglycerol, a component of pulmonary surfactant) inhibits inflammatory mediator production and/or inflammation induced by respiratory syncytial virus, influenza A (H1N1) and Mycoplasma pneumoniae (46–55). We have demonstrated that phosphatidylglycerol can also inhibit skin inflammation in an irritant application mouse model as well as a mouse model of psoriasis (45, 57). In addition, we have shown that AQP3 and PLD2 are also associated in corneal epithelial cells, as these two proteins are in skin cells (58). Furthermore, a specific phosphatidylglycerol, dioleoylphosphatidylglycerol (DOPG) accelerates corneal wound healing in wild-type mice and a mouse model of impaired corneal wound healing (AQP3 knockout mice) (58). We have hypothesized that one mechanism by which DOPG enhances corneal wound healing is by reducing (but not eliminating) inflammation.

In support of this idea, in additional experiments, we have shown that DOPG inhibits TLR activation in response to a synthetic lipopeptide TLR2 agonist in corneal epithelial cells (44), as well as to DAMPs known to be elevated with corneal wounding [(e.g., 59, 60)], heat shock protein B4 (also known as crystallin alpha A) and S100A proteins in a macrophage cell line and TLR2 and TLR4 reporter cell lines (44, 45). To determine if any of these DAMPs could potentially be involved in DED, we analyzed a dataset available in the Gene Expression Omnibus (GEO) database using GEO2R. These data were obtained by Alam et al. (61) from a DED model, the “Pinkie” mouse strain with a loss-of-function retinoid X receptor (RXRα) mutation, and deposited into GEO. Pinkie mice exhibit characteristic signs of DED, including reduced tear volume, disruption of the corneal barrier, corneal and conjunctival cornification, and Goblet cell loss (61). Over time, these mice can also develop corneal vascularization, opacification, and ulceration (61). We analyzed gene expression in the Pinkie mice with corneal ulcers versus the matched wild-type strain with normal corneas using the GSE192960 dataset (platform GPL19964). UMAP analysis demonstrated a distinct separation of the gene expression profiles between the two groups (Figure 2A). A total of 258 significantly differentially expressed genes were observed between Pinkie mice with corneal ulceration compared to wild-type controls with normal corneas, with S100a8 being the most significantly upregulated gene; S100a9 was also highly and significantly upregulated (Figure 2B). Interestingly, Pinkie mice with normal corneas had no significantly differentially expressed genes compared to control mice (Figure 2C); however, S100a8 and S100a9 tended to be upregulated in these mice as well, although the adjusted p-value did not attain statistical significance. Since previously we showed that S100A9 potently activates TLR2 and TLR4, and this activation is inhibited by DOPG (44, 45), these results suggest the possible involvement of S100A8 and S100A9 in DED. Since DOPG inhibits TLR/innate immune system activation and inflammatory mediator expression in various cells (including reporter cell lines expressing the human TLR2 and TLR4 signaling pathway) in response to S100A9 (45), these data also suggest that DOPG may be a possible therapeutic to treat the corneal inflammation observed in DED.
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FIGURE 2
 S100a8 and S100a9, known DAMPs, are significantly induced in a mouse model of DED with corneal ulceration compared to the wild-type control with normal corneal epithelium. GEO dataset GSE192960 (platform GPL19964) deposited by Pflugfelder and colleagues was analyzed for differentially expressed genes, with significance taken at an adjusted p value of ≤0.05. Panel (A) illustrates a uniform manifold approximation and projection (UMAP) clustering analysis, showing the distinct expression patterns in the wild-type control versus the Pinkie DED model with corneal ulceration. Panel (B) shows a Volcano plot of differentially expressed genes (DEGs) with the red dots indicating significant up-regulation and the blue dots representing significant down-regulation (gray dots indicate no statistically significant difference). The most highly differentially expressed gene is S100a8, with S100a9 also significantly elevated, as indicated in the figure. Panel (C) is a comparison of gene expression between the wild-type control and the Pinkie DED model without ulceration. Note that two of the most highly DEGs in this DED model with corneal ulceration are S100a8 and S100a9, which are also upregulated in the DED model with normal corneas, although the values did not achieve statistical significance.


Finally, it should be noted that phosphatidylglycerol is already used in some ophthalmic products. For example, phosphatidylglycerol is used as an intravenous drug delivery agent for the Food and Drug Administration-approved drug Visudyne® (verteporfin), used for photodynamic therapy of age-related macular degeneration and abnormal blood vessels in the eye (62). Similarly, one species of phosphatidylglycerol, dimyristoylphosphatidylglycerol (DMPG) is listed as an inactive ingredient in Systane® Complete eyedrops [containing also propylene glycol, hydroxypropyl guar, mineral oil, polyoxyl 40 stearate, sorbitan tristearate, boric acid, sorbitol, edetate disodium, POLYQUAD* (polidronium chloride) 0.001% preservative, and purified water] (63). However, since Fowler et al. (44) have reported that DMPG can inhibit TLR2 activation by HSPB4 with comparable efficacy to DOPG, DMPG may actually function as an active component to suppress inflammation. Finally, phosphatidylglycerol is being tested for its ability to stabilize the tear film in contact lens wearers (Clinical Trial: ACTRN12613001323718) (64). The use of different forms of phosphatidylglycerol in these various ophthalmic preparations indicates its safety profile, which together with the molecule’s anti-inflammatory properties, would suggest that phosphatidylglycerol, like glycerol, may also have potential utility for the treatment of DED.




1.7 Possible advantages of glycerol-based treatments


1.7.1 Wide availability and low cost

Glycerol is a cost-effective and widely available ingredient, making it accessible to many DED patients. Likewise, its non-toxic nature allows frequent use without the risk of adverse effects, especially when added to preservative-free formulations.




1.8 Multifunctionality

Unlike artificial tears that provide only moisture and lubrication, glycerol offers not only hydration and lubrication but also osmoprotection, making it a more versatile treatment option. This multiple functionality can address both the symptoms of dryness and the underlying osmotic stress contributing to DED progression. Indeed, as mentioned above, the inclusion of glycerol in artificial tears containing CMC accelerated the onset of sign and symptom relief, even though there was no difference detected with more chronic therapy (32). In addition, as discussed above, glycerol is a precursor for the synthesis of lipids, which serve to stabilize the tear film and are often decreased in the tear film of patients with DED (24). Finally, glycerol also has anti-inflammatory properties, apparently both itself and following its conversion to anti-inflammatory phosphatidylglycerol, as discussed above.


1.8.1 Suitability for sensitive eyes

Multiple patients with DED are sensitive to preservatives used in artificial tears. Glycerol-based artificial tears, commonly known as preservative-free formulations, are safe for patients with sensitive eyes or who require long-term, frequent application. Brands that contain glycerol as their active ingredient include Oasis® and Soothe® (4).





2 Discussion and conclusions

While glycerol shows promising results as a treatment for DED, further studies are needed to fully illuminate its anti-inflammatory properties and potential for long-term benefits. Furthermore, research investigating combination therapies containing glycerol and other agents, such as hyaluronic acid, anti-inflammatory drugs or perhaps phosphatidylglycerol, may also yield improved outcomes for DED patients.

Glycerol offers significant therapeutic benefits for patients with DED, primarily through its humectant, osmoprotective, demulcent, and tear film-stabilizing properties. Its efficacy in alleviating DED symptoms, combined with its safety and cost-effectiveness, makes it a valuable option in the current landscape of dry eye treatments. Future studies may further expand its role, particularly in combination with other therapeutic agents, offering promise for more comprehensive management strategies for DED.
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