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Abstract

Hydroxychloroquine (HCQ) is an anti-malarial drug but also widely used to treat autoimmune 

diseases like arthritis and lupus. Although there have been multiple reports of the adverse effect 

of prolonged HCQ usage on the outer retina, leading to bull’s-eye maculopathy, the effect of HCQ 

toxicity on the inner retina as well as on overall visual functions has not been explored in detail. 

Furthermore, lack of an established animal model of HCQ toxicity hinders our understanding 

of the underlying molecular mechanisms. Here, using a small clinical study, we confirmed the 

effect of HCQ toxicity on the inner retina, in particular the reduction in central inner retinal 

thickness, and established a mouse model of chronic HCQ toxicity that recapitulates the effects 

observed in human retina. Using the mouse model, we demonstrated that chronic HCQ toxicity 

results in loss of inner retinal neurons and retinal ganglion cells (RGC) and compromises visual 

functions. We further established that HCQ treatment prevents autophagosome–lysosome fusion 

and alters the sphingolipid homeostasis in mouse retina. Our results affirm the notion that HCQ 

treatment causes early damage to the inner retina and affects visual functions before leading to 

characteristic toxicity in the macular region of the outer retina, ‘bull’s-eye maculopathy.’ We 

also provide insights into the underlying molecular mechanisms of HCQ retinal toxicity that may 

involve autophagy–lysosomal defects and alterations in sphingolipid metabolism.
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Introduction

Hydroxychloroquine (HCQ) is an anti-malarial drug well known for its anti-inflammatory 

and analgesic properties and widely used in various autoimmune diseases, such as 

rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and also in dermatologic 

conditions [1]. HCQ received substantial attention recently with regard to its possible 

beneficial effect on COVID19 infection, which ultimately resulted in unresolved 

controversies rather than in any clear indications [2, 3]. HCQ is derived from chloroquine 

(CQ), which replaced the use of CQ in most of the world due to its lesser systemic 

toxicity and better tolerability [4, 5]. CQ and HCQ are known to cause retinal toxicity 

[6–8]. Although HCQ retinal toxicity is an infrequent event, HCQ use is still a concern 

because the resulting vision loss can be potentially severe and irreversible [8, 9]. Classical 

CQ and HCQ retinal toxicities are clinically described as pigment mottling within the 

macular area and present primarily in the outer retina, creating a characteristic ‘bull’s-eye 

maculopathy’ (BEM) [10, 11]. In later stages of toxicity, atrophy of the retinal pigment 

epithelium (RPE) and neurosensory retina spreads outward over the entire fundus. CQ and 

HCQ retinal atrophy is generally irreversible and may progress even after discontinuation of 

the medication [10, 12–14]. Recent studies suggest that the outer retinal toxicity represents 
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end-stage, irreversible pathology, and that these drugs affect inner retina long before 

developing outer retinal pathology [15]. With the aid of modern retinal imaging technology 

such as multifocal electroretinography (mf-ERG) and spectral-domain optical coherence 

tomography (SD-OCT) and advanced methods of analysis, significant alteration has been 

reported in the macular region, especially affecting the retinal ganglion cells (RGC) and 

inner plexiform layers (IPL) [11, 16]. A clearer understanding of the mechanisms of actions 

of HCQ in retina could facilitate early detection of initial stages of pathology and provide an 

indication of patients who should discontinue the drug to avoid permanent vision loss.

The mechanism of CQ and HCQ retinal toxicity is not well understood. Although there 

have been studies on animal models for determining general pathology of CQ toxicity 

in 1960s to 1980s (mouse, rats, cat, monkey), there is no reported study on toxicity, 

pathology and mechanism of HCQ retinal toxicity in animal models [17–20]. Chronic 

exposure to CQ has been shown to result in marked histopathological changes in inner 

retinal neurons, specifically affecting retinal ganglion cells [17, 20]. The lack of animal 

models has hampered attempts to understand the mechanisms of retina-specific toxicity of 

HCQ at cellular and molecular levels in the human retina.

In this current report, we used retinal SD-OCT imaging in patients with long-term 

HCQ usage to confirm that inner retinal changes occur prior to the appearance of outer 

retinal toxicity. Importantly, we were able to develop a mouse model of chronic HCQ 

exposure that expressed outer and inner retinal structural and functional changes that 

recapitulate the human retinal HCQ pathology. By biochemical and molecular analyses, 

we observed lysosomal dysfunction and lysosomal metabolism of certain lipids, specifically 

sphingolipids, which are associated with retinal dysfunction and cell death.

Materials and Methods

Study patients and retinal image analysis

In this study, we included data of nineteen patients (n = 19; 18 females, 1 male) from 

prospective recruitment (n = 12) and retrospective chart review (n = 7) with history of 

chronic use of HCQ to treat autoimmune diseases (both RA and SLE) at the Dean McGee 

Eye Institute, University of Oklahoma Health Sciences Centre (Table 1). We also included 

data from thirty-seven (n = 37) age-matched healthy control subjects (28 females, 9 males) 

(Table 1). All patients were examined by two authors (HKP and VS). This study followed 

the Declaration of Helsinki Principles and was approved by an institutional review board at 

the University of Oklahoma Health Sciences Center. Informed consent was obtained from 

all participants. Exclusion criteria included known retinal diseases, glaucoma, intraocular 

pressure higher than 20 mmHg or a history of ocular hypertension, uveitis, optic nerve 

diseases, refractive error of more than ± 6D sphere or ± 3D cylinder, previous intraocular or 

refractive surgery and image quality that precluded a high-quality OCT examination.

Spectral-domain optical coherence tomography (SD-OCT) imaging was performed using 

Zeiss Cirrus 4000 (Cirrus HD-OCT 4000, version 5.0; Carl Zeiss Meditec, Dublin, CA, 

USA). Macular scans were performed using the Radial Lines protocol, which provided 

twelve, 6-mm scans centered at the fovea. Scan acquisition time required for each of 
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the Radial Lines scans was 0.27 s. The scans had a depth resolution of 3 mm per pixel 

and spatial resolution of 6 mm per pixel. Horizontal and vertical SD-OCT images from 

the Radial Lines scans were exported in TIF format. Automated image segmentation and 

analysis were performed using a dedicated software program developed in Matlab (The 

Mathworks Inc., Natick, MA, USA) and previously described [9, 21]. The program enabled 

the measurement of the thickness profiles for the entire retina and retinal layers. Retinal 

nerve fiber layer (RNFL) and ganglion cells + inner plexiform layer (GC + IPL) thickness 

data were collected at 200 μm intervals along 6 mm lengths of the radial line scans, along 

with measurements of central (macular) cube volume (mm3) and average central (macular) 

cube thickness (μM). Using GraphPad Prism software, the means were compared using 

unpaired t test with Welch’s correction and the variance were compared using F test. Linear 

correlation between HCQ duration and retinal measurements as well as cumulative dosage 

and retinal measurements was determined by Pearson correlation coefficient (r) from the 

treated group. Statistical significance was accepted at P < 0.05.

Animal care and HCQ treatment

All the animals utilized in this study were born and raised in the University of Tennessee 

Health Science Center (UTHSC) vivarium following its guidelines of animal housing. The 

mice were maintained in dim (5–10 lx) cyclic light (12 h. ON/OFF) from birth. For chronic 

HCQ treatment, 4–6-month-old C57/BL6 mice received intra-peritoneal (IP) injection of 

HCQ at a dose of 10 mg/kg body weight twice a week for three months, which is equivalent 

to 2.86 mg/kg/day. Human dosage ranged from 3.5 to 9.3 mg/kg/day with a median value 

of 4.65 mg/kg/day (Table 1). Thus, the mouse dose of HCQ was comparatively lower than 

human dosage. Littermate mice that were injected with saline served as controls. Visual 

functions were measured at one-month intervals starting prior to receiving HCQ injections 

and continuing through the end of treatment period. After each time point, mice were 

euthanized, and retinas were harvested for biochemical and histopathological analyses. All 

procedures were reviewed and approved by the UTHSC Institutional Animal Care and Use 

Committee (IACUC).

SD-OCT analysis of retinal layers in mice

The thickness of different retinal layers was measured by spectral-domain optical coherence 

tomography (SD-OCT) using Bioptigen Envisu Image Guided SD-OCT system (Lecia 

Microsystems, Buffalo Grove, IL). Briefly, after three months of HCQ treatment, mice from 

both treated and control groups were anesthetized and placed in the imaging platform. The 

posterior segment of the eye was imaged, and the thickness of different retinal layers was 

measured and analyzed using the manufacturer supplied software for small animal models.

Electroretinogram (ERG)

Both scotopic and photopic flash ERGs were recorded with Diagnosys Espion E2 ERG 

system (Diagnosys LLC, Lowell, MA) as previously described [22]. Detailed procedure is 

described in SI Methods.
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Optokinetic reflex measurements

The visual acuity and contrast sensitivity were measured by optokinetic tracking (OKT) 

using OptoMotry system of Cerebral Mechanics (Lethbridge, AB, Canada). Both visual 

acuity and contrast sensitivity were measured for the control and HCQ-treated mice 

immediately before starting HCQ treatment and at monthly intervals until three months 

of treatment. The visual acuity was assessed at 100% contrast by varying spatial frequency 

threshold while the contrast sensitivity was measured at a 0.042 cycles per degree (c/d) 

spatial frequency.

Cell culture

Rat Retinal Muller cell line (rMC1) was obtained from Kerafast Inc., Boston, MA 

(Cat#ENW001) and cultured following the manufacturer guidelines. The cultures were 

maintained at 37°C in a humidified atmosphere containing 5% CO2. For HCQ treatment, 

cells were plated in 12-well plates with 2 × 105 cells/well (passage 17–19) and allowed to 

grow for 24 h. They were treated with 20 μM of HCQ for 24 h. and subsequently harvested 

for biochemical and sphingolipid analyses.

Western Blot Analysis

Total retinal proteins were isolated from control and HCQ-treated mice retina as well as 

rMC1 cells using T-PER tissue protein extraction reagent (Thermo Scientific, Rockford, IL) 

containing protease inhibitor cocktail (Roche, Indianapolis, IN). Proteins were separated by 

denaturing gel electrophoresis and transferred to PVDF membrane using Bio-Rad (Hercules, 

CA) transfer module. The membrane was probed for different autophagosomal–lysosomal 

pathway proteins as mentioned in the Results section. The procedural details were described 

in SI Methods.

Immunofluorescence

For immunohistochemical analysis of mouse retina, whole eyes were harvested from 

control and treated groups after three months of HCQ treatment. The eyes were fixed in 

PREFER fixative for 20 min and embedded in paraffin and sectioned at 7 μm thickness. 

Retinal sections were probed for different autophagosomal–lysosomal pathway proteins. For 

immunocytochemical analysis, cells were seeded on glass coverslips and cultured overnight. 

Next day, cells were treated with 20 μM of HCQ for 24 h. After treatment period, cells 

were fixed with 4% paraformaldehyde and probed for different autophagosomal–lysosomal 

pathway proteins. All the images were obtained using Zeiss 710 confocal microscope. 

Detailed procedure can be found in SI Methods.

Sphingolipid Analysis

After three months of HCQ treatment, retinas from both HCQ-treated and untreated controls 

were harvested, snap-frozen in liquid nitrogen and stored in −80°C freezer until further 

analysis. For the rat Muller cells, after 24 h. of HCQ treatment, treated and untreated cells 

were snap-frozen in liquid nitrogen and stored in −80°C freezer until further analysis. The 

sphingolipid analysis was performed using LC–MS following previously published protocol 

[23, 24]. Detailed procedures are described in SI Methods.
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Gene Expression Analysis

Total RNA was extracted from control and HCQ-treated mice after one- and three-month 

treatment using PureLink RNA Easy kit using manufacturer’s protocol (Life Technologies, 

CA). Quantitative RT-PCR was performed according to previously published procedure [24]. 

The primer sequences are listed in Supplementary Table 1.

Statistical Analysis

Statistical analyses was performed using GraphPad Prism 8 (GraphPad Software, San 

Diego, CA) and SPSS 22.0 (SPSS, Inc., Chicago, IL) software. Nonparametric unpaired 

t-test with Welch’s correction was used for comparing means and F test for comparing 

variances between the comparing groups. Multiple linear regression analyses were carried 

out to assess the impact of age on the outcome variables. Univariate linear correlation 

between HCQ duration and retinal measurements as well as cumulative dosage and retinal 

measurements was determined by Pearson correlation coefficient (r) from the treated group. 

Statistical significance was accepted at P < 0.05.

RESULTS

Long-term HCQ treatment causes inner retinal neuronal loss in human subjects

HCQ causes irreversible toxicity to the retina, called BEM, which is progressive despite 

discontinuation of the medication [25]. Recent evidence suggests HCQ toxicity is not 

limited to the RPE and outer retina but also affects inner retinal neurons [15, 16, 26]. 

To confirm the effect of HCQ in the inner retina, we analyzed retinal SD-OCT images of 

19 human subjects who had received HCQ treatment for a range of 1–25 years. Five of 

them developed toxicity and discontinued the treatment. In this group, the median duration 

of HCQ was 4.0 years with a median daily dose of 4.65 mg/kg, resulting in a median 

cumulative dose of 5.76 g over the period of treatment (Table 1). We compared their data 

with the analysis of SD-OCT images from 37 age-matched healthy controls (Table 1). We 

found significant reductions in the central macular thickness (6 mm radial scan of the 

macula), central cube volume and in the thickness of the combined ganglion cell and inner 

plexiform layer (GC + IPL) in the HCQ-treated group (Table 1).

Interestingly, our correlation analysis revealed that all the three parameters of the central 

retinal analysis, namely central cube volume and GC + IPL thickness, were inversely 

correlated, significantly, with the duration of HCQ exposure (Fig. 1a and b) as well as 

with the cumulative dose (Fig. 1c and d). The effect of ‘age’ was not significant on the 

duration of HCQ exposure as well as the cumulative dose by multivariate regression analysis 

(Supplementary Table 2). Our results confirm that long-term HCQ treatment in humans 

causes inner retinal neuronal loss before developing the characteristic HCQ toxicity, i.e., 

bull’s-eye maculopathy and RPE atrophy [10, 11].

Chronic HCQ exposure leads to loss of inner retinal cells and compromises visual function 
in mice

To study the mechanism of HCQ-mediated retinal toxicity, we developed a mouse model 

of chronic HCQ exposure. The mice were exposed to HCQ for a period of 3 months at a 
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dose of 10 mg/kg body weight twice a week as described in the Methods section. As in 

human patients, we observed a significant reduction in the IPL-GC layer thickness in the 

HCQ-treated mice (Fig. 2a and Supplementary Fig. S1). In addition to the changes in the 

thickness of GC + IPL, we also observed a reduction in retinal ganglion cells numbers in 

the treated mice as compared to untreated controls (Fig. 2b, c). The RGC loss was more 

significant in the central retina as compared to medial and distal retina, resembling the 

pattern of retinal toxicity in human, which is more concentrated to the central retina [27, 

28]. Similar to the RPE atrophy reported in chronic HCQ toxicity in human [13, 29], we 

observed increased death signals in the retinal RPE layer as well as the RGC layer in treated 

mice by labeling with single-stranded DNA (ssDNA) (Fig. 2d, e). These data indicate that 

the HCQ-treated mice suffer a loss of inner retinal neurons and this model of chronic HCQ 

exposure shows early retinal pathology similar to that observed in human patients with HCQ 

treatment.

We then tested for visual acuity (VA) and contrast sensitivity (CS) of the treated mice using 

Optokinetic Tracking (OKT). One month of HCQ exposure caused a significant reduction 

in VA that consistently declined over the treatment period (three months); however, no 

significant change in CS was observed within the same time frame (Fig. 2f, g). Significant 

reduction in retinal rod function, as measured by electroretinogram (ERG) scotopic b-waves, 

at higher flash intensity (2.88 log) was observed with no significant changes in scotopic 

a-wave (Fig. 2h, i). The cone function, on the other hand, was significantly reduced in 

HCQ-treated mice (Fig. 2j). The oscillatory potentials (OP) generated via scotopic ERGs 

were also significantly reduced in the HCQ-treated mice (Fig. 2k, l). Together these data 

suggest that chronic HCQ treatment affects both inner and outer retinal neuronal cells 

leading to compromised visual and retinal functions.

We measured the expression of some relevant marker genes of retinal cells and found 

significant decrease in the levels of cone gene—Opsin1 medium wave sensitive (Opn1mw), 

Cone arrestin (Arr3), rod gene—Rod arrestin (Sag1) and bipolar cell marker, Protein kinase 
C-α (Pkcα) and RPE 65 in the retina of the mice treated with HCQ (Fig. 3). These 

data indicate that both types of photoreceptors as well as bipolar cells were affected by 

chronic HCQ treatment. We did not observe any significant difference in the expression 

of Rhodopsin (Rod), Retinal dystrophy (Mertk), Glial fibrillary acidic protein (Gfap), 

Chemokine C–C motif ligand 2 (Ccl2) and Early growth response gene (Egr1) (Fig. 3).

In conclusion, our mouse model of chronic HCQ exposure produces clinical and structural 

features of retinal toxicity resembling that seen in humans. Furthermore, this model also 

emphasizes the fact that chronic HCQ exposure affects inner retinal neurons as well 

as photoreceptors and RPE cells, and thus compromises visual functions at early stages 

of exposure. We propose that our model could potentially provide the basis for further 

understanding the mechanism of action of HCQ-mediated human retinal toxicity.

HCQ exposure affects the autophagosome–lysosome pathway

HCQ is a well-known lysosomotropic agent and is known to effect lysosomal homeostasis 

and function by increasing its pH [1, 30]. By gene expression analysis, we found a 

significant increase in Autophagy-related 4b (Atg4b) and lysosomal/autophagy transcription 
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factor (TcFEB) genes, and a significant decrease in Lysosomal associated membrane protein 
2 (Lamp-2) gene in the treated mouse retina (Fig. 4a). We observed an increase in the level 

of LC3B proteins in the treated retina over the course of treatment (Fig. 4b) and a significant 

decrease in the ratio of LC3B I/II (Fig. 4c). The autophagy marker protein, p62, was also 

increased in the treated mice retina along with the lysosome-associated membrane protein, 

LAMP1 and the early and late-endosomal markers Rab5 and Rab7, respectively [31], in 

the treated retinas (Fig. 4d). By immunohistochemical analysis of the retina, LC3B levels 

was appeared to be increased throughout the retinal layers in treated mice (Fig. 4e i–vi, 

arrows). We also observed increased co-localization of LC3B and Rab7, particularly in the 

ganglion cell layer (Fig. 4e vi, arrows). Together these data indicate a possible alteration of 

the autophagosomal–lysosomal pathway in HCQ-treated retina.

To further understand how HCQ affects the autophagosome–lysosome pathway, we used 

cultured rat Muller glial cells and treated them with HCQ. Similar to what we observed 

in the mouse retina, there was an increase in p62, Rab5, Rab7 and LC3B protein levels in 

the treated cells, along with a significant increase of LC3BII over LC3BI, as observed by 

the decrease in LC3BI/II ratio (Supplementary Fig. S2a and b). These data suggest that the 

Muller glial cells respond to HCQ treatment in a similar way to that observed in the mouse 

retina. By immunocytochemical analysis, we observed an increase in the LC3B protein 

levels (Fig. 4f ii and v, arrows) and a decrease in co-localization of LC3B and LAMP1 

in HCQ-treated Muller cells (Fig. 4f iii and vi, arrowheads). Interestingly, an increased 

co-localization of LC3B with Rab7 was observed in the HCQ-treated cell compared to the 

untreated controls (Fig. 4g iii and vi, arrowheads).

Taken together, our data from both in vivo and in vitro studies suggest that HCQ treatment 

affects the autophagosome–lysosome pathway, possibly autophagosome–lysosome fusion. It 

might also affect the entire autophagy process of the retinal cells leading to structural and 

functional defects.

Retinal sphingolipid homeostasis is altered by HCQ treatment

Lysosomes play an integral role in cellular sphingolipid homeostasis [32]. In the central hub 

of cellular sphingolipid metabolism sits the bioactive lipid, ceramide that plays an important 

role in various cellular processes [33, 34]. Lysosomes hydrolyze higher order sphingolipids, 

namely sphingomyelin (SM), glycosphingolipids and gangliosides, to generate ceramide 

[35], which is further hydrolyzed into sphingosine (Sph) and free fatty acids, that are 

recycled back to the cytoplasm (Fig. 5a) [32, 35, 36].

Since HCQ is known to enter into the lysosomes and to be de-protonated, it is unable to 

diffuse out and thereby accumulates in the lysosome [37]. With its high pKa (> 8.0), it 

increases lysosomal pH from its normal range of 4.5–5.0 and thus affects its normal function 

[37–39]. We hypothesized that HCQ exposure would affect the sphingolipid homeostasis 

in the retina. Using LC–MS we compared the levels of major cellular sphingolipids in the 

retina of mice treated with HCQ for 3 months along with untreated controls. We found a 

significant decrease in the Sph level (reduced by approx. 40%) in the treated mice (Fig. 

5b). There is also a significant increase in the ratio of Cer:Sph and Cer:SM, indicating 

an accumulation of cellular ceramide (Fig. 5c, d). This was further confirmed by the 

Mondal et al. Page 8

Mol Neurobiol. Author manuscript; available in PMC 2023 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase observed in the levels of individual ceramide species, namely C18:0, C22:0 and 

C24:1 (Fig. 5e). We further tested the mRNA levels of a group of sphingolipid metabolic 

genes and observed a significantly reduced expression of N-acylsphingosine amidohydrolase 
1 (Asah1), Sphingomyelin phosphodiesterase 2 (Smpd2) and a significant increase in 

Sphingosine kinase 2 (Sphk2) genes in the retina of the treated animals. However, no 

significant changes in expression were detected in Sphingomyelin phosphodiesterase 1 
(Smpd1) and Sphingosine kinase 1 (Sphk1) genes (Fig. 6).

Similar to the HCQ-treated animals, Muller glial cells also showed an altered sphingolipid 

homeostasis when treated with HCQ. We observed a decrease in total sphingosine level and 

a significant increase in the Cer:Sph and Cer:SM ratio in the HCQ-treated cells (Fig. 5f–h). 

This indicates enhanced ceramide accumulation due to HCQ treatment in these cells, which 

was further established by a significant increase in the levels of individual ceramide species, 

namely C14:0, C18:1, C22:0 and C26:1 (Fig. 5i).

In summary, our results suggest that in addition to compromising lysosomal functions, 

HCQ also alters sphingolipid homeostasis of cells, leading to an accumulation of the toxic 

bioactive lipid, ceramide, which in turn has been shown to lead to retinal cell death in 

multiple studies [33, 40–42]. Our findings regarding lysosomal dysfunction and alteration of 

sphingolipid homeostasis and ceramide accumulation suggest two possible mechanisms by 

which retinal function may be altered in patients undergoing HCQ therapy.

Discussion

HCQ is a drug widely used for malaria, RA and SLE. Although structurally very similar 

to its predecessor CQ, HCQ is significantly less toxic [43]. However, long-term use of 

HCQ can also render severe side effects, the most common of which is retinal toxicity 

leading to loss of central vision, called bull’s-eye maculopathy. The resulting pathology 

leads to progressive RPE atrophy around the macula, leading to loss of central vision 

[10–12]. Recent clinical studies suggest that HCQ affects neuronal retina long before 

initiating toxicity to RPE cells [14, 44]. We conducted a clinical study using a retrospective/

prospective mixed model and found that HCQ indeed has a progressive adverse effect on 

central retinal cells/neurons as revealed by SD-OCT image analysis. HCQ is thought to act 

through lysosomal basification, which can particularly affect RPE cells as they function to 

digest large amounts of photoreceptor outer segments each day through the autolysosomal 

pathway [45, 46]. Alterations in lysosomal breakdown have been implicated in many RPE-

related disease conditions [47–49]. However, lysosomal breakdown is a ubiquitous cellular 

process and is required for protein and lipid breakdown and recycling in many cell types. 

While the RPE certainly suffers when lysosome function is reduced, it is unsurprising that 

other cells in the inner retina are also affected. We show here clear evidence that long-term 

HCQ dosing is inversely related to inner retinal thickness in humans prior to evidence of 

RPE toxicity (Fig. 1). Studies analyzing visual fields in HCQ patients show central scotoma 

and vision loss in the central retina before developing RPE toxicity or BEM. Prior reports 

have shown that lifetime HCQ doses under 1.0 kg did not result in inner retinal thinning or 

RPE toxicity [28]. Furthermore, progression of damage seen with higher doses can be halted 

when patients are taken off of the drug, but the damage is not reversed [14]. Thus, HCQ 
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toxicity is cumulative and irreversible. These observations suggest that early monitoring of 

inner retinal function by visual fields and structural assay using OCT should be considered 

at least once a year as a normal follow-up in all patients taking HCQ.

CQ and HCQ are lysomotropic agents, and their accumulation in lysosomes leads to 

increases in lysosomal pH that can affect multiple lysosomal functions [1, 30, 37–39]. 

However, the mechanism of HCQ toxicity in retinal cells is not known and so far, and there 

has been no report of an animal model of HCQ toxicity in the retina. In this study, we 

established a mouse model that mimics the retinal changes observed in the human subjects 

under long-term HCQ treatment. In this model, we observed compromised visual and retinal 

functions and defects in the autophagosome–lysosome pathway in the retina that would 

be expected to affect the autolysosomal degradation and recycling of proteins and lipids. 

With chronic HCQ treatment, we also found alterations in retinal sphingolipid homeostasis 

causing upregulation of cytotoxic ceramide. Thus, we propose that lysosomal dysfunction 

and modulation of sphingolipid metabolism in retinal cells represents a major mechanism by 

which retinal cell dysfunction and death occurs during long-term HCQ treatment.

Our mouse model of chronic HCQ exposure shows a reduction in the IPL-GC layer of the 

retina similar to that observed in the human patients (Fig. 2a). There is also a prominent 

reduction in RGC numbers in mouse retina that received 3 months of HCQ (Fig. 2c). 

Previous studies showed systemic CQ can affect the central retina and cause RGC death 

in animal models [17, 20]; however, toxicity of HCQ was not accessed. We report for the 

first time that HCQ can also affect and cause RGC death at early stages, which could 

explain why HCQ patients develop central scotoma before developing RPE toxicity or BEM 

[50]. Interestingly, RGC death in many forms of lipid storage diseases develop ‘cherry-red 

spot in the macula,’ which has a resemblance to early pathology of BEM [51]. Testing for 

visual field and multifocal ERG could therefore be integrated into to the ophthalmic care of 

patients receiving HCQ, at least once in a year, in order to detect early indications of inner 

retinal toxicity.

The mice were also severely compromised in their visual acuity but not in contrast 

sensitivity, which may indicate a compromised cone function (Fig. 2f and g). The ERG 

analysis recapitulated this indication as we detected a significant decrease in scotopic 

b-wave at higher flash intensity but not in a-wave. Also, we observed a significant decrease 

in cone photoreceptor responses to flickers (Fig. 2h–j). The significant reduction in the 

ERG oscillatory potential (OP) we observed clearly indicates a compromised visual signal 

transmission through retinal secondary neurons (Fig. 2l). Although the specific cell types 

responsible for generating OPs in retina were not identified, previous studies indicate OPs 

are generated from bipolar cells or IPL [52] and have a different retinal depth profile 

for individual peaks [53]. Clinically, OPs indicate early disturbances in the function of 

the retinal neurons. In addition to visual function, the gene expression profile of the 

markers for different retinal cells indicates the HCQ effect is more pronounced for cone 

and bipolar cells. Early effects on cones may explain why BEM in humans develops in 

the cone dominated macula. Also, a perifoveal ring-like opacity in retinal fundus images 

that gives the typical bull’s-eye appearance of the macula may be due to RGC loss in the 

perifoveal region, where their concentration is the highest in the entire retina [54, 55]. We 
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also observed induction of apoptosis in RPE cells, in agreement with the classical theory 

of RPE toxicity and death resulting in BEM. In conclusion, we developed a mouse model 

of chronic HCQ with features that resemble human HCQ toxicity. This model may offer 

important opportunities for determining new parameters for dosage and duration of HCQ 

treatment, based on specific early and late effects on retinal neurons, glial and RPE cells. 

The mouse model could provide the basis for unraveling the mechanisms of HCQ toxicity in 

the retina.

Our current study suggests an alteration in the autophagosomal–lysosomal pathway in the 

retinal cells plays a key role in HCQ toxicity. Since the ATG4b protein is involved in 

the early steps of autophagosome formation [56], the increase in Atg4b mRNA level after 

HCQ treatment (Fig. 4a) might indicate an increase in autophagosome formation in the 

retinal cells. LC3BI and II protein levels were altered both in in vivo animal models of 

neuronal ceroid lipofuscinosis (NCL), an inherited lysosomal storage disease (LSD), as well 

as in in vitro model due to CQ treatment [57–59]. In human RPE-derived ARPE19 cells, 

CQ treatment leads to increases in LAMP1 protein level [48] and inhibition of autophagic 

flux in U2OS cells through dysfunction of autophagosome–lysosome fusion [59]. Similarly, 

with HCQ treatment we observed an increased protein expression of LC3B, particularly 

the phosphatidylethanolamine (PE) conjugated form LC3BII, SQSTM1/p62 and LAMP1 

(Fig. 4b–d). LC3BII is found on the membranes of autophagosomes, and its level is closely 

correlated with the number of autophagosomes [58, 60]. Both p62 and LC3BII proteins are 

degraded in autophagy [58, 61], so an increase in LC3BII over LC3BI along with increase 

in p62 protein levels indicates accumulation of autophagosomes [58, 60, 62–64]. Since 

LAMP1 protein level is also increased, we can assume that HCQ treatment does not affect 

the lysosomal biogenesis and the accumulation of autophagosomes might be due to a defect 

in the fusion process, not due to unavailability of lysosomes [48, 59]. HCQ exposure also led 

to an increase in the protein levels of both Rab5 and Rab7 (Fig. 4d). Rab proteins are small 

GTPases and play an important role in maturation of endosomes, trafficking of cargos along 

microtubules and the final fusion step of late endosome with lysosomes [31]. Since Rab7 

become associated with autophagosomal membrane and thus direct their fusion to lysosomes 

[31, 65], its accumulation and increased co-localization with LC3B (Fig. 4e–g) support 

the notion of accumulation of autophagosomes. Fusion of autophagosomes with lysosomes 

co-localizes the lysosomal membrane protein LAMP1 and autophagosomal membrane 

protein LC3B [66, 67]. Our data showing a reduction in their co-localization (Fig. 4f) 

further establish the possibility of impairment of autophagosome–lysosome fusion. Together 

these results indicate a similar effect of HCQ on the autophagosome–lysosome pathway 

both in mice retina and in cultured retinal cells. The cytotoxic effect of autophagosome 

accumulation might lead to the death of RGC observed in mice after HCQ treatment (Fig. 

2c–d) and could be one of the possible mechanisms of HCQ-induced retinal cell death.

Our study of mouse model provides novel information regarding the modulation of 

sphingolipid metabolism in vivo and in vitro as a result of HCQ exposure. Sphingolipids 

are a class of cellular lipids that are involved in multiple aspects of cellular physiology 

[33, 68–70]. In the last two decades, several studies have established certain sphingolipids 

as a key signaling molecule in the retina that can modulate the physiology and function 

of retinal cells and contribute to multiple retinal pathologies [33, 71, 72]. At the cellular 
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level, lysosomes play a significant role in maintaining sphingolipid homeostasis [35, 73]. 

Defects in lysosome function result in a group of inherited metabolic disorders collectively 

known as LSD [74–76], with about half of them also having alterations in sphingolipid 

metabolism [77, 78]. Additionally, several LSDs that affect humans, such as Tay–Sachs, 

Sandhoff, Fabry, Gaucher, Niemann–Pick diseases types A and B, and Farber, have a 

common manifestation in the eye known as Macular Cherry-red Spot (MCR) [51, 79, 

80] whose clinical and ultra-structural analysis suggests membranous accumulation, and 

ultimate degeneration of inner retinal neurons, particularly the RGC [81]. The fact that HCQ 

affects lysosomal function and triggers retinal toxicity also suggests a possible connection 

between HCQ-mediated retinal toxicity, modulation of sphingolipid homeostasis and a 

macular phenotype, very similar to MCR.

Our findings suggest a connection between the lysosomal disfunction reported due to HCQ 

toxicity and an alteration of sphingolipid homeostasis in the retina. We observed a decrease 

in Sph and SM along with an increase in ceramide in the treated retina (Fig. 5b–e), which 

clearly indicates accumulation of this toxic lipid in the retinal cells. Cellular free ceramides 

are known to be deadly 2nd messengers of the cells, since they can induce cell death through 

various mechanisms such as apoptosis, parthanatos etc. [82–84]. Ceramide accumulation 

has been shown to be the causative factor for retinal cell death in several in vitro and in 

vivo studies [42, 82, 83]. An accumulation of ceramide and decrease in Sph levels indicate 

a possible reduction in the hydrolyzation of ceramide within lysosomes. In lysosomes, 

ceramide is hydrolyzed to Sph by the hydrolase, N-acylsphingosine amidohydrolase 1 

(ASAH1), which is expressed abundantly in the retina [85]. The enzymatic activity of 

ASAH1 is reduced in alkaline pH [86]; therefore, the reduced hydrolyzation of ceramides 

in the lysosomes could possibly be due to reduced ASAH1 activity as a result of an 

increased lysosomal pH caused by HCQ treatment. Lipidomic analysis of the retina-specific 

deletion of Asah1 gene in mice showed an increased level of ceramide [87]. In the LSD, 

Farber disease, deficiency of ASAH1 restricts the production of Sph from ceramide [88]. 

Importantly, since the only source of intracellular Sph is through hydrolyzation of Cer in the 

lysosomes by ASAH1 [89], reduction of Sph may affect the levels of cellular pro-survival 

factor, sphingosine-1-phosphate (S1P) [90]. In addition to increased ceramide, the reduction 

in Sph and S1P level in the HCQ-treated retina could also contribute to retinal neuronal 

cell pathology and death. Further studies will be necessary to dissect the role of individual 

bioactive sphingolipids in HCQ-mediated retinal toxicity.

We also observed that ceramides with saturated fatty acid (SFA), including C14:0, C18:0 

and C22:0, showed a significant increase after HCQ treatment (Fig. 5e and i). These 

relatively shorter chain ceramides are known to be highly toxic to cells and have been 

studied as potential drug candidates for use against various cancer cell lines [91]. Thus, the 

imbalance in sphingolipid homeostasis seen after HCQ exposure might play a role in the 

retinal pathology and visual deficits observed both in our mouse model as well as in human 

patients.

Our study findings must be considered in light of its limitations including number of 

human patients on HCQ were very low, as well as the number of patients with HCQ 

toxicity, which limited us from doing multiple comparisons. Though our mouse model is 
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one of the initial demonstration of HCQ toxic effect on mammalian retina, especially on the 

functional aspects of retinal photoreceptors and effect on various biochemical and molecular 

parameters, the timeline we exposed the mice to HCQ (3 months) did not cause noticeable 

death in photoreceptor and other inner neuronal cells, except RGCs. A longer-term treatment 

and a detail study is needed to understand the cell-specific effect of HCQ in the retina. 

Though our biochemical and cellular readouts suggested HCQ affected the photoreceptors 

and RGCs in the mouse model, we limited our in vitro (cell culture) assay to Muller 

cells, mainly due to unavailability of established and well-characterized cell lines from 

photoreceptors and RGCs that maintain their properties in vitro. Thus, the results obtained 

from the in vitro studies that provided important information on the HCQ effect on the 

cellular physiology cannot be generalized for all the cell types of the retina.

In summary, we have confirmed the appearance of early inner retinal pathology in humans 

treated with chronic HCQ and were able to establish an animal model that exhibits the 

same pattern of neuro-retinal toxicity observed in chronic HCQ exposure in humans. Our 

findings provide insights into the molecular mechanisms that may lead to the toxicity of 

retinal neuronal cells. Our findings suggest that HCQ treatment reduces autophagolysosomal 

activity in the retina and alters sphingolipid homeostasis. The independent or additive effect 

of these HCQ-induced alterations could contribute to the retinal cell death and loss of visual 

function observed in patients.
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Fig. 1. 
Correlation analysis of HCQ-treated subjects for retinal parameters with duration of the 

treatment and the cumulative doses. The different retinal parameters including central cube 

volume and IPL-GC layer thickness of the treated subjects were correlated with duration 

of treatment (a and b) and cumulative dose (c and d) using Pearson’s linear correlation. 

All the parameters were inversely correlated with both duration and cumulative dose of the 

treatment with high significance
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Fig. 2. Retinal structure and functions were altered in mouse model of chronic HCQ exposure.
(a) Thickness of different retinal layers of mice after 3 months of HCQ treatment along 

with untreated controls as measured by SD-OCT. (b) Retinal flat mount of untreated mice 

immunohistochemically stained for Brn3a showing the retinal ganglion cells (RGC) and 

the three arbitrary regions of the retina used for measurement of RGC numbers. (c) RGC 

numbers from the three regions marked in b in control and HCQ-treated mice. (d and e) 

Representative image of immunohistochemistry of control (d) and 3 months of HCQ-treated 

(e) mice retina showing the level of single-stranded DNA (ssDNA). Arrows indicate higher 
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level of ssDNA at retinal pigment epithelial (RPE) and RGC cell layers in the treated retina. 

Visual acuity (f) and contrast sensitivity (g) of control and HCQ-treated mice (n = 10 and 12, 

respectively) from pre-treatment to 3 months post-treatment. (h–l) Electroretinogram (ERG) 

of control and HCQ-treated mice (n = 12 and 20, respectively) after 3 months of treatment 

showing scotopic a-wave (h), b-wave (i) and photopic b-wave showing Hz flickers (j). (k) 

Representative diagram of oscillatory potential (OP) of b-wave in scotopic ERG showing 

minimum and maximum OPs measured and (l) graphical representation of OP2 and OP3. 

(All values are mean ± SEM; t-test; *p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 3. HCQ exposure affects expression of retinal cellular markers.
Expression analysis of relevant marker genes of retinal cells by qRT-PCR in control along 

with 1 and 3 months of HCQ-treated mice (n = 6). The result shows significant difference in 

markers of rods (Sag1), cones (Opn1mw, Arr3) and bipolar cells (Pkcα) of the retina along 

with retinal pigment epithelium (RPE) marker Rpe65 in the treated retina. (Values are mean 

± SEM, *p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 4. HCQ exposure affects autophagosome–lysosomal pathway.
(a) Expression analysis of relevant autophagosome–lysosomal pathway genes by qRT-PCR 

from control and HCQ-treated mice retina (n = 6). (b and d) Western blot analysis of 

autophagosome–lysosomal pathway proteins from retinas described in a (n = 3 per group). 

(c) Quantification analysis of the protein expression in (b) showing ratio of LC3B I and 

II. (e) Representative image of immunohistochemistry of untreated and treated mice retina 

showing localization of LC3B and Rab7. Arrows indicate co-localization observed only 

in HCQ-treated retina (vi). (f and g) Representative immunofluorescence images of rat 

Muller cells treated with 20 μM of HCQ for 24 h. along with untreated controls. (f) 
Localization of Lamp1 and LC3B proteins with arrows showing higher expression of LC3B 

(v) and arrowheads showing reduced co-localization in HCQ-treated cells (iii and vi). (g) 

Localization of Rab7 and LC3B proteins with arrows indicating higher expression of LC3B 
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(v) and arrowheads indicating higher co-localization in HCQ-treated cells (vi). (Values are 

mean ± SEM; t-test; *p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 5. Chronic HCQ exposure alters sphingolipid homeostasis.
(a) Schematic diagram of sphingolipid metabolism pathway in mammalian cell. Ceramide 

(Cer) is synthesized by de novo biosynthesis pathway in ER by condensation of serine 

and palmitoyl CoA catalyzed by Serine palmitoyl transferase (SPT). In the Golgi, Cer 

is converted to Sphingomyelin (SM) by SMsynthase (SMS) and glycosphingolipids 

(GSL). In the plasma membrane, interconversion of Cer and SM are catalyzed by 

neutral sphingomyelinase (nSMases), acidic sphingomyelinase (aSMase) and SMS. In 

the lysosome, through salvage pathway SM is converted to Cer by aSMase which is 

further hydrolyzed to Sphingosine (Sph) by acid ceramidase (aCDase). (b-e) Analysis of 

sphingolipid levels in mice retina (n = 7) showing total sphingosine level (b), ratio of total 

ceramide to sphingosine and total ceramide to sphingomyelin levels (c and d, respectively) 

and (e) individual species of ceramide. (f-i) Analysis of sphingolipid levels in rat Muller 

cells treated with HCQ for 24 h. (n = 4/group) showing levels of total sphingosine (f), ratio 

of total ceramide to sphingosine and total ceramide to sphingomyelin (g and h, respectively) 

and individual species of ceramide (i). (Values are mean ± SEM; t-test; *p < 0.05, **p < 

0.01, ***p < 0.001)
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Fig. 6. HCQ treatment alters expression of genes involved in sphingolipid metabolism.
Expression analysis of the relevant sphingolipid metabolism genes by qRT-PCR from 

untreated and treated mice retina (n = 8). Significant differences were observed in 

the mRNA levels of neutral sphingomyelinase (Smpd2), that converts sphingomyelin to 

ceramide (Cer), acid ceramidase (Asah1), which hydrolyzes Cer to sphingosine (Sph) 

and sphingosine kinase 2 (Sphk2), responsible for phosphorylation of Sph to generate 

sphingosine-1-phosphate, in the treated retinas. (Values are mean ± SEM, *p < 0.05)
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