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Rosmarinic Acid Restores Complete 
Transparency of Sonicated Human 
Cataract Ex Vivo and Delays 
Cataract Formation In Vivo
Marina Chemerovski-Glikman1, Michael Mimouni  2, Yarden Dagan1, Esraa Haj1, Igor Vainer2, 
Raviv Allon2, Eytan Z. Blumenthal2, Lihi Adler-Abramovich3, Daniel Segal1,4, Ehud Gazit1,5 & 
Shiri Zayit-Soudry2

Cataract, the leading cause of vision impairment worldwide, arises from abnormal aggregation of 
crystallin lens proteins. Presently, surgical removal is the only therapeutic approach. Recent findings 
have triggered renewed interest in development of non-surgical treatment alternatives. However, 
emerging treatments are yet to achieve full and consistent lens clearance. Here, the first ex vivo assay to 
screen for drug candidates that reduce human lenticular protein aggregation was developed. This assay 
allowed the identification of two leading compounds as facilitating the restoration of nearly-complete 
transparency of phacoemulsified cataractous preparation ex vivo. Mechanistic studies demonstrated 
that both compounds reduce cataract microparticle size and modify their amyloid-like features. In vivo 
studies confirmed that the lead compound, rosmarinic acid, delays cataract formation and reduces the 
severity of lens opacification in model rats. Thus, the ex vivo assay may provide an initial platform for 
broad screening of potential novel therapeutic agents towards pharmacological treatment of cataract.

Cataract, defined by abnormal opacification of the intraocular crystalline lens, is the leading cause of blindness 
in the developing world, affecting millions worldwide1. The number of people blind from bilateral cataracts, 
currently estimated at 20 million, is projected to increase with the rising life expectancy1,2. Currently, surgical 
removal of the opaque lens is the only available treatment for clinically significant cataract. Modern techniques 
yield high rates of success in restoring visual function and improving quality of life3. Nonetheless, this surgery is 
unattainable for a large portion of the world’s population, especially in under-developed countries where access 
to surgical ophthalmic care is currently limited4. Moreover, in spite of the general high safety of well-established 
advanced techniques employed in modern cataract surgery, various intraoperative and postoperative complica-
tions may occur in approximately 5% of the patients5,6. Thus, devising pharmacological treatment for cataract 
may help amend the global morbidity associated with this major public health concern.

Whereas the physiological transparency of the lens results from a well-organized supramolecular arrangement 
of the crystallin proteins, including the α, β, and γ- crystallins7, loss of lenticular clarity arises from their patholog-
ical aggregation8 and formation of amyloid assemblies9. Attempts have matured in recent years to develop phar-
macological treatments for cataract that facilitate restoration of the crystalline lens transparency by systemic10–13 
and topical administration14–17. For example, lanosterol was reported to reduce aggregation of various crystallin 
proteins in vitro and decrease cataract severity in a canine model15. Another sterol, 25-hydroxycholesterol, was 
reported to inhibit α-crystallin aggregation and reverse this process in vitro as well as to partially restore protein 
solubility in an age-related mouse cataract model and in whole human lenses ex vivo16. However, doubts have 
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been raised regarding the ability to achieve full transparency of the human lens in eyes with cataract. Specifically, 
sterol treatment did not result in full clarity of the cataractous material15,16,18. Hence, there is still an unmet need 
for such cataract modulating agents.

We postulated that targeting lenticular protein aggregates would reduce their load of precipitates and would 
affect their light-scattering properties, thus ameliorating cataract. To address this hypothesis, we have developed a 
novel ex vivo platform in which human lens particles removed from patients during routine cataract surgery were 
treated with one of several protein aggregation modulators. This simple yet innovative experimental approach has 
enabled us to directly test the impact of the screened compounds on protein aggregates present in phacoemulsi-
fied human crystalline lens material. To date, this is the first reported use of ex vivo human cataract material for 
the systematic screening of potential therapeutic agents.

Our findings confirmed the reported efficacy of 25-hydroxycholesterol in reducing cataractous protein load16, 
validating the utility of our assay. However, as previously reported, complete optical clearance of the treated 
solution was not observed using this compound. By employing our novel screening method, we further demon-
strated that rosmarinic acid and doxycycline are potent cataract modulators showing better optical clearance 
and reduction of amyloid content ex vivo as compared to sterols. In vitro methods were further applied to derive 
mechanistic insights on the disaggregation effects of these compounds. Moreover, treatment with rosmarinic 
acid deterred cataractogenesis in model rats, providing a proof of concept that modulation of protein aggregation 
can ameliorate cataract formation in vivo. These results provide conceptual and mechanistic insights into the 
development of novel therapeutic strategies for vision loss caused by cataract, and support the utility of the ex vivo 
platform for initial testing of the efficacy of potential cataract modulating agents.

Results
Extraction and characterization of human cataractous material. To obtain an experimental model 
which allows to directly determine the impact of aggregation modulators on human cataract (Fig. 1A), nuclear 
lens fragments removed from patients undergoing routine cataract phacoemulsification surgery were collected 
from 80 eyes of 80 subjects with age-related cataract (mean age 73.4 ± 9.3 years, 48% male).

Dispersed nuclear cataract material from each patient was individually incubated with increasing concentra-
tions of each of the tested compounds under shaking conditions at 37 °C over 2 days. The optical density of the 
solution at 340 nm was measured daily. 25-hydroxycholesterol, which was independently reported during the 
development of our assay to improve lens transparency ex vivo and in an animal model16, was used as a positive 
control. Figures 1B and 2A show that treatment with 1 mM 25-hydroxycholesterol resulted in ~20% reduction 
of cataract solution turbidity (n = 7, **P = 0.02). Interestingly, lanosterol, which was reported to reverse protein 
aggregation in a canine cataract model15, did not reduce the turbidity of the examined human cataract samples 
(Fig. 1B). This observation is however in agreement with a more recent study, in which lanosterol had no apparent 
effect on the opacification of human cataractous lens nuclei18. Aspirin, not known to affect protein aggregation19, 
was used as a negative control and indeed did not alter the turbidity of the cataract samples (Fig. 1B).

Next, under the same experimental conditions, a non-biased screen of known amyloid modulators was 
performed, including minocycline20, tetracycline21, 4-hydroxyindole, indol-3-carbinole22, epigallocate-
chin gallate (EGCG)23,24, gallic acid25, tannic acid26, 1,4-naphthoquinon-2-yl-L-tryptophan (NQTrp)27, and 

Figure 1. Ex vivo assay for screening of human cataract modulating compounds. (A) Schematic outline of the 
screening system. Human cataract lens fragments were removed from patients undergoing routine cataract 
surgery. Solutions containing the cataract material were then exposed to modulating compounds and the results 
were examined. (B) Non-biased screening of known amyloid modulators for a cataract modulating effect was 
performed. Colors correspond to the effect on turbidity of cataract solutions: dark gray: active; medium gray: 
partially active; light gray: inactive. The disaggregation of human cataract samples was monitored by absorbance 
measurement at λ = 340 nm and 37 °C. Columns denoted by * indicate statistical significance of the results.
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N-(3-chloro-1,4-dihydro-1,4-dioxo-2-naphthalenyl)-L-tryptophan (ClNQTrp)28. None of these compounds demon-
strated a significant dose-dependent effect on the turbidity of the cataractous solutions (Fig. 1B). Although tannic 
acid was reproducibly potent at 50 μM, a dose-response relationship was not demonstrated for this compound. This 
can be explained by the fact that at the higher concentrations tested (200 and 500 μM), tannic acid can intrinsically 
self-assemble into ordered structures (Fig. S1), thus potentially confounding its effect on the turbidity of the solution.

Notably, our screening method revealed two compounds which reduced the turbidity of the sonicated phacoemul-
sified cataractous solutions: doxycycline and rosmarinic acid (Fig. 2B,C). Both of these small molecules, also known 
for their amyloid destabilization effect21,29–31, showed a unique and dynamic clearance pattern that was significant and 
dose-dependent. Treatment with 500 µM doxycycline resulted in ~60% reduction of the turbidity (versus ~25% with 
vehicle only) (n = 14, **P = 0.03), while treatment with 200 µM of rosmarinic acid led to ~90% reduction (versus ~35% 
with vehicle only) in the turbidity of cataract samples (n = 14, **P ≤ 0.001). Control wells contained equivalent con-
centrations of the compounds in sterile balanced saline solution (BSS) and were measured in parallel for subtraction of 
background turbidity. In between measurements, plates were kept sealed at 37 °C with constant shaking.

To obtain control turbidity measures from clear crystalline lenses, and to examine the effect of the lead com-
pounds (rosmarinic acid, doxycycline and 25-hydroxycholesterol) on lens proteins from eyes untamed with 
cataract, freshly harvested (n = 5) clear crystalline bovine lenses were treated in a similar fashion to the catarac-
tous human lens samples (Fig. S2). The sonicated lens protein solutions were treated with the lead compounds 
in concentrations identical to those employed for the ex-vivo human cataract experiments. Indeed, sonicated 
intact crystallins from clear bovine lenses do not necessarily mimic the aggregation state potentially present in 
phacoemulsified cataract from aged human lenses. Nonetheless, no significant difference in reduction in the tur-
bidity of the sonicated clear bovine lens particles was observed over 2 days after treatment with either compound 
when compared to the vehicle only (Fig. S2). The slight reduction in the turbidity of the control bovine lens sam-
ples may hypothetically reflect processes of disintegration as supramolecular structures may be present also in a 
normal eye. However, the minor reduction seen in turbidity was to a much lower extent as compared to the effect 
noted in the phacoemulsified human cataractous preparation.

Biophysical characterization of treated cataract samples. We further aimed to gain insight into 
the morphological transformation induced in the human lenticular protein aggregates by the identified lead 
compounds. Since all dispersed cataractous solutions appeared macroscopically clouded, we employed light 
microscopy to assess the ex vivo lens material and the effect of the treatment on its morphology. Various cataract 
solutions were incubated for two days with increasing concentrations of 25-hydroxycholesterol, doxycycline, or 
rosmarinic acid and subsequently inspected under bright field microscopy. Non-treated human cataract parti-
cles appeared as containing microparticles at the micron-range (Fig. 3A,E,I). Although such structures may in 
theory represent aggregates generated by the phacoemulsification, it is assumed that these were actual cataract 
fragments. These structures were also observed in the presence of the lowest tested concentration (50 µM) of 
each of the identified aggregation modulators (Fig. 3B,F,J). In the presence of 500 µM (Fig. 3C,G,K) and 1 mM 
(Fig. 3D,H,L) of 25-hydroxycholesterol, doxycycline, or rosmarinic acid, there was a clear reduction in the abun-
dance and size of the cataract particles. This effect was especially noticeable upon treatment with doxycycline 
(Fig. 3G,H) and rosmarinic acid (Fig. 3K,L), both leading to disintegration of the aggregates into particles smaller 
than those seen in the presence of 25-hydroxycholesterol (Fig. 3B,C,D). Notably, rosmarinic acid demonstrated 
the strongest effect at the highest tested concentration (Fig. 3L), leading to near complete disintegration of the 
preparations. None of the control solutions of 25-hydroxycholesterol, doxycycline, or rosmarinic acid examined 
under the same conditions demonstrated any structural or ordered characteristics.

Various crystallin proteins are widely known to form amyloids in vitro9,32–34. Hence, we sought to characterize 
whether protein assemblies present in the cataract samples possess an ordered structure, and to explore how the 
cataract-modulating agents affect the observed morphology. To address these questions, we employed transmis-
sion electron microscopy analysis. Amorphous and disorganized aggregates were observed for the non-treated 

Figure 2. Human cataract disintegrating compounds identified by ex vivo turbidity screening. The 
disaggregation of human cataract samples was monitored by absorbance measurement at λ = 340 nm and 
37 °C. Cataract solutions were incubated with increasing concentrations of (A) 25-hydroxycholesterol, (B) 
doxycycline, and (C) rosmarinic acid in triplicates, for two days, and the turbidity was measured daily. All three 
compounds reduced cataract turbidity in a dose-dependent and significant manner.
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cataract solutions (Fig. 4A,E,I). Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/
EDX) confirmed that these were indeed protein based structures, exhibiting the presence of carbon atoms 
(Fig. S3). Similar findings were evident from cataract samples treated with 50 µM–1 mM of 25-hydroxycholesterol 
(Fig. 4B–D). Interestingly, in the presence of 500 µM–1 mM doxycycline (Fig. 4G,H) or 50 µM–1 mM rosmarinic 
acid (Fig. 4J–L), the size of the amorphous cataract particles was reduced to smaller debris. Consistently with 
the results of the turbidity assay (Fig. 2), treatment of human cataract with rosmarinic acid resulted in the most 
noticeable disintegration effect. Control solutions of 25-hydroxycholesterol, doxycycline, or rosmarinic acid 
examined under the same conditions did not demonstrate any structural or ordered characteristics. Altogether, 
these findings correlate with our turbidity (Fig. 2) and light microscopy results (Fig. 3), suggesting that both 
doxycycline and rosmarinic acid possess a cataract modulating effect. Given that both compounds are known 
amyloid modulators21,29, we hypothesized that the cataract modulation effect can be at least partially attributed 
to the disassembly of its ordered structures. To examine this hypothesis we performed amyloid-specific staining 
with Congo red and Thioflavin T (ThT) (Fig. 5). Specifically, we sought to determine whether the hallmark char-
acteristics of amyloids are observed in the cataractous material, and how these are altered upon treatment with 
25-hydroxycholesterol, doxycycline, or rosmarinic acid.

Indeed, Congo red staining of sonicated human cataract samples resulted in the bright red signal typical 
for amyloid-specific structures (Fig. 5A,E,I). The intensity of the dye decreased upon two day incubation of the 
cataract samples with either 25-hydroxycholesterol (1 mM, Fig. 5D), doxycycline (500 µM or 1 mM, Fig. 5G,H), 
or rosmarinic acid (500 µM or 1 mM, Fig. 5K,L), suggesting that all three compounds are associated with a reduc-
tion in the amyloid content present in the phacoemulsified lens particles. In contrast, no fluorescent signal was 
observed from control solutions containing proteins from sonicated clear bovine crystalline lenses (Fig. S4). 
Similarly, none of the control solutions containing 25-hydroxycholesterol, doxycycline, or rosmarinic acid in 
equivalent concentrations examined under the same conditions demonstrated any fluorescent signal.

To validate these results, we performed kinetic ThT fluorescence assays (Fig. 5M–O). We found that 
non-treated cataract samples that served as controls presented spectra typical for amyloids, with an emission 

Figure 3. Morphological characterization of cataract disintegration by 25-hydroxycholesterol, doxycycline, and 
rosmarinic acid. Bright field image sequences of cataract particles in 10% DMSO (A–D) or pure BSS (E–L), in 
the absence (A,E,I) or presence of increasing concentrations (50, 500 μM, and 1 mM) of 25-hydroxycholesterol 
(B–D), doxycycline (F–H), or rosmarinic acid (J–L) are shown. Samples were transferred to a glass capillary 
after 2 days of incubation, sealed, and viewed under light microscopy. Scale bars, 100 µm. Representative bright 
field images from three different experiments conducted with each compound are shown.



www.nature.com/scientificreports/

5SCiEnTiFiC REPORTS |  (2018) 8:9341  | DOI:10.1038/s41598-018-27516-9

signal at 480 nm when excited at 430 nm (Fig. S5). Moreover, the ThT-fluorescence signal intensity was main-
tained over two days, indicating the high stability of the fibrillar amyloid content. Among the tested modulating 
compounds, 25-hydroxycholesterol had the lowest effect on the ThT fluorescence signal intensity of the treated 
cataract solutions versus the control non-treated cataract sample (Fig. 5M, 1 mM, n = 7, *P < 0.001). A more 
marked reduction of signal intensity was observed for cataract solutions treated with either doxycycline or ros-
marinic acid at 1 mM (Fig. 5N, n = 10, **P = 0.01; Fig. 5O, n = 10, ***P < 0.001, respectively), with the latter 
also being active at a lower concentration (Fig. 5O, 500 µM, n = 10, **P < 0.001). Taken together, and under the 
assumption that phacoemulsification does not induce aggregation for itself, our results may indicate that amyloid 
fibrils are present in human cataract, and that treatment with the aggregation modulators leads to reduction of 
amyloid-specific signals, consistent with the decrease in the amyloid content.

To study the structural effects of the most potent cataract modulating compound, we performed circular 
dichroism analysis. This technique allows the overall assessment of the level of secondary structures within the 
studied sample. When rosmarinic acid was added to ex-vivo human cataract samples, a clear dose-dependent 
reduction in secondary structure content was observed (Fig. S6A). The results clearly indicate a reduction in 
β-sheet content as reflected in the reduction of the single negative peak at around 218 nm (as compared to the 
typical double minima at 208 nm and 222 nm for α-helical structures)35. Similarly, rosmarinic acid demonstrated 
a time-dependent effect on the release of soluble proteins from cataract particles, with a 40% and 115% increase in 

Figure 4. Transmission electron microscopy of cataract solutions treated with 25-hydroxycholesterol, 
doxycycline, and rosmarinic acid. TEM micrographs of cataract particles in BSS in the absence (A,E,I) or 
presence of increasing concentrations (50, 500 μM, and 1 mM) of 25-hydroxycholesterol (B–D) doxycycline 
(F–H), or rosmarinic acid (J–L). Reaction mixtures were incubated for 2 days as described, negatively stained 
and imaged. Scale bars, 2 µm. Representative electron micrographs from three different experiments conducted 
with each compound are shown.
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total protein concentration measured one and two days following treatment, respectively (Fig. S6B). Altogether, 
these observations suggest that treatment with rosmarinic acid is associated with reduction of the beta-sheet 
content in phacoemulsified human cataract fragments, and with an increase in the soluble protein fraction in 
the treated solutions. Assuming that the phacoemulsification did not intrinsically stimulate aggregation of the 
cataractous lens proteins, our findings suggest that treatment of cataract particles with amyloid modulators may 
induce disaggregation of the amyloid content present in the phacoemulsified cataract, and release of soluble pro-
teins from the insoluble aggregates.

Figure 5. Doxycycline and rosmarinic acid disassemble the amyloidogenic portion of human cataract ex vivo in 
a better manner than 25-hydroxycholesterol. Fluorescence microscopy images of cataract particles in 10% DMSO 
(A–D) or pure BSS (E–L), in the absence (A,E,I) or presence of increasing concentrations (50, 500 μM, and 
1 mM) of 25-hydroxycholesterol (B–D), doxycycline (F–H), or rosmarinic acid (J–L). Fluorescence microscopy 
images were taken one day after the addition of the Congo Red reagent (Excitation and emission wavelength 
of 540/25 nm and 605/55 nm, respectively). Scale bars, 500 µm. Representative images of five experiments 
shown. ThT fluorescence kinetics of dispersed cataract in the absence or presence of increasing concentrations 
of 25-hydroxycholesterol (M), doxycycline (N), or rosmarinic acid (O) were carried out. ThT fluorescence was 
measured daily for two days and relative fluorescence values are shown. 25-hydroxycholestreol (M, 1 mM; n = 7, 
*P < 0.001), doxycycline (N, 1 mM; n = 10, **P = 0.01), and rosmarinic acid (O, 500 µM; n = 10, **P < 0.001, 
1 mM; n = 10, ***P < 0.001) reduced cataract turbidity in a dose-dependent and significant manner.
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In vivo animal studies. To test the in vivo efficacy of the observed aggregation inhibition on the reduction of 
lenticular opacity, we employed a pre-clinical rat model of cataract. Newborn rat pups treated with a subcuta-
neous injection of selenium are known to rapidly develop bilateral lens opacities similar to age-related human 
cataract36,37. Rosmarinic acid, administered subcutaneously 4 hours prior to selenium injection, and daily there-
after, remarkably delayed the appearance of lenticular opacification and reduced cataract severity in treated rats 
(Fig. 6). The notable treatment effect was evident upon visual inspection as well as by photo grading of cataract 
stages38. Control rat eyes with selenite-induced cataract demonstrated an average lens opacification score of 5, 
higher by at least 2-grades compared to the study eyes treated with rosmarinic acid (Fig. 6).

Discussion
The effect of various systemic10–13 and topical14–17 pharmacological agents on cataract-associated protein aggrega-
tion has been investigated in recent years. Several in vitro studies have used different purified crystallin proteins 
and have shown that their aggregation is inhibited by selected small molecules13,39–41. Other studies utilized whole 
or homogenized lenses derived from various animal models, in an attempt to better mimic the pathological con-
ditions in the living human eye11,42,43. Makley et al. were the first to report that 25-hydroxycholesterol increased 
the fraction of soluble protein in human lens material as assessed by the bicinchoninic acid assay16. Their original 
results were published whilst we were developing the human ex vivo method reported here.

We identified rosmarinic acid as the most potent compound among the small molecules screened for their 
cataract modulating effect. It was associated with full restoration of the transparency of the sonicated cataractous 
solution, and demonstrated the highest level of efficacy in all in vitro assays performed. Interestingly, Velpandian 
et al. recently reported that a polyherbal eye drop containing rosmarinic acid and other compounds inhibited the 
progression of cataract in selenite and galactose induced animal cataract models44. Rosmarinic acid is a naturally 
occurring polyphenol present in several herbs, with known antioxidative, anti-cholinergic, anti-inflammatory, 
and anti-amyloidogenic activities45–48. Specifically, it has been shown to bind to amyloid-beta and alpha-synuclein 
aggregates associated with neurodegenerative diseases48,49, and interfere directly with early formed oligomers 
both in vitro and in vivo50,51. We suggest that rosmarinic acid may lead to restoration of the transparency of the 
human lens in a similar fashion by binding to cataract-associated proteins present in the phacoemulsified prepa-
rations, and reversing their aggregation.

This study has several limitations. The main limitation of this study is that we cannot completely rule out a 
potentially aggregation-driving impact of phacoemulsification on the cataractous lens proteins in the examined 

Figure 6. Rosmarinic acid increases lens clarity and delays selenite-induced cataract formation in vivo. 
(A–C) photographs of wild type rats demonstrating fully transparent lenses and (D–F) photographs of wild 
type rats with clear lenses treated with rosmarinic acid. (G–I) Cataractous lenses from rats treated with 
postnatal injection of selenite at the age of 13 days. Four days after the injection, a dense opacity in the center 
of the lens was seen in each of the model eyes. (J–L) Photographs of model rats treated with Rosmarinic acid. 
Approximately 4 hours before administration of selenite, the study rats were treated with a subcutaneous 
injection of rosmarinic acid (40 mM, 500 µl), and were thereafter treated daily with a repeat rosmarinic acid 
administration. Control rats were treated with a similar protocol but received a subcutaneous injection of a 
similar volume of PBS. The photographs were acquired six days after the injection. Rosmarinic acid treatment 
delayed lenticular opacification and decreased the severity of selenite-induced cataract in all treated rats.
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samples. Although the cataractous material samples procured in this study were only briefly exposed to soni-
cation, as the overall effective phacoemulsification time in the hands of experienced surgeons typically ranges 
between 15–30 seconds or less, the potential impact of phacoemulsification towards induction of protein aggre-
gation cannot be excluded. However, each lens segment that is fragmented and removed from the eye is indi-
vidually exposed for only several seconds, at most. As such, we believe that the sonication to which the cataract 
material was exposed during surgery would have played a minor role, if any, in contributing to the formation of 
amyloid fibrils, seeds or aggregates. Indeed, sonication is a well-established method for disintegration of cells 
and purification of soluble proteins often employed as an essential step in solubilizing procured cataractous frag-
ments52–58. Nonetheless, the possibility that the aggregates present in the soluble preparations in our assay at least 
partially represent aggregation provoked by the sonication, cannot be ignored. Another limitation is that the sele-
nium induced cataract rat model used here to assess the efficacy of the compounds may not correctly mimic the 
age-related human cataract in terms of its amyloid content. As such, the solution clarity achieved by rosmarinic 
acid may have resulted from an effect on additional aggregate structures that do not contain amyloid.

In summary, we have presented a novel ex vivo assay that enables to directly test the impact of the exam-
ined compounds on the transparency of actual human crystalline lens material. First, we confirmed that 
25-hydroxycholesterol indeed reduces cataractous protein load ex vivo, supporting the validity of our assay. Next, 
a screen of various amyloid modulators, to assess their activity in restoration of cataractous lens particles trans-
parency, led to the identification of rosmarinic acid and doxycycline as potent cataract-modifying agents. We 
report rosmarinic acid as the first compound to restore full transparency in human cataractous lens material and 
demonstrate its high efficacy in remodeling lenticular protein aggregates. Additional in vitro assays, commonly 
employed in the field of amyloid research, were utilized to provide biophysical characterization of treated ex vivo 
cataractous material, and the efficacy of the lead compound identified by the assay was demonstrated in vivo in a 
rat cataract model. Thus, our novel ex vivo assay provides a valuable yet relatively simple model system enabling 
to directly test the impact of aggregation modulators on human cataract in a comparative manner. This compre-
hensive platform may be useful for large scale screening for suitable treatment of human cataract. Future studies 
characterizing the effect of these compounds on purified lens crystallin amyloids in vitro may be of interest.

Taken together, our results support the concept that aggregation inhibition may provide a pharmacological 
treatment strategy for cataract, and highlight rosmarinic acid as a promising potential for palliative treatment of 
cataract, the leading cause of blindness worldwide. Data obtained from carefully designed and conducted future 
clinical studies may provide a strong foundation for design of the proper treatment regimen, dosage and duration. 
We hope that in the near future this promising pharmacological treatment will provide a safe, inexpensive and 
easily-accessible therapy for cataract.

Online Methods
Study Participants. This study was approved by the Institutional Review Board of the Rambam Health Care 
Campus and all experiments were performed in accordance with relevant guidelines and regulations. Informed consent 
was obtained from all subjects before participation in the study. Included in this study were patients that were candi-
dates for routine cataract surgery with a nuclear cataract of grade 2 or higher in terms of nuclear opalescence or nuclear 
color based on the Lens Opacities Classification System III59. In all cases, clear corneal incision phacoemulsification 
cataract surgery was performed at the Department of Ophthalmology, Rambam Health Care Campus, Haifa, Israel.

Cataract samples collection and handling. Human cataractous nuclear fragments were retrieved from 
the phacoemulsification hand piece tubing filter following surgery and immediately stored at −20 °C. Prior to 
each experiment, each nuclear fragment was homogenized in 5 mL of BSS (BVI, Italy) and sonicated for 5 minutes 
at 40 KHz (Ultrasonic Cleaner 1200H, MRC Labs, Israel). Sodium azide (0.005%) was added as a biocide. Samples 
were kept either on ice or at −20 °C until used. The β-sheet conformation of the aggregated lenticular material 
was validated using circular dichroism (Fig. S5).

Bovine sample collection and handling. Bovine clear lens were retrieved by performing whole lens 
extraction and were immediately stored at −20 °C. Prior to each experiment, each fragment was homogenized in 
5 mL of BSS (BVI, Italy) and sonicated for 5 minutes at 40 KHz (Ultrasonic Cleaner 1200 H, MRC Labs, Israel). 
Sodium azide (0.005%) was added as a biocide. Samples were kept either on ice or at −20 °C until used.

Chemicals and Reagents. All chemicals and reagents were of analytical grade (purchased from 
Sigma-Aldrich, USA).

Ex vivo lens crystalline turbidity analysis. The disaggregation of human cataract samples was moni-
tored by absorbance reading at λ = 340 nm. Total protein concentration was quantified in each cataract sample 
using the Bradford assay42,60. The mean ± SD of the optical density of each sample measured at baseline was 
0.50 ± 0.08. All samples were then optimized to a starting point of an optical density ranging between 0.30 to 
0.80 a.u. (λ = 340 nm). Samples were then incubated in transparent 96-well plates in triplicates, each consisting of 
100 µL ex vivo cataract dispersed in BSS containing either 10% vehicle (PBS 1x, pH 7.4 or 10–100% DMSO in PBS, 
pH 7.4) or increasing concentrations of the tested compounds dissolved in the corresponding vehicle. Plates were 
sealed with clear sealing tape (Thermo, Denmark) and transferred immediately to an EL808 plate reader (BioTek, 
USA) at 37 °C. Disaggregation was monitored daily up to two days. In between measurements plates were kept 
sealed at 37 °C with constant shaking. Compounds that absorb in the visible region of the electromagnetic spec-
trum were tested up to the highest possible concentration within the spectroscopic limitations of the assay (<a.u. 
2.0), while the concentrations of the tested transparent materials varied according to the obtained results. A 
similar set of samples including only the tested compounds in equivalent concentrations was measured in par-
allel, for background turbidity subtraction. Turbidity values of the entire experimental set were also recorded at 
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λ = 600 nm, where none of the examined compounds possesses residual absorption properties. In agreement with 
the results obtained at λ = 340 nm, rosmarinic acid, doxycycline and 25-hydroxycholesterol demonstrated the 
same patterns of activity of reduction in turbidity (P = 0.02, P = 0.03 and P = 0.001 respectively).

Capillary assay. Aliquots of cataractous solution in the absence or presence of 50 µM, 500 µM or 1 mM of 
25-hydroxycholesterol (in 10% DMSO in PBS 1x, pH 7.4), doxycycline, or rosmarinic acid (in PBS 1x, pH 7.4) 
after two days of co-incubation were inserted into rectangular glass capillaries (CM Scientific, UK), sealed and 
observed using bright field microscopy.

Transmission electron microscopy. Aliquots of 10 µL of cataractous solution in the absence or presence of 
50 µM, 500 µM or 1 mM of 25-hydroxycholesterol, doxycycline, or rosmarinic acid (in MOPS 5 mM, pH 7.2) after 
two days of co-incubation were placed on 400-mesh copper grids. After two minutes, excess fluids were removed 
and samples were negatively stained with 2% uranyl acetate in water for 30 seconds, blotted with filter paper, and 
dried overnight. Samples were then analyzed by a JEOL 1200EX electron microscope operating at 80 kV.

Congo red fluorescence assay. Aliquots of 10 µL of cataractous solution in the absence or presence of 
50 µM, 500 µM or 1 mM of 25-hydroxycholesterol (in 10% DMSO in PBS 1x, pH 7.4), doxycycline, or rosmarinic 
acid (in PBS 1x, pH 7.4) after two days of co-incubation were allowed to dry on a glass microscope slide at room 
temperature. Samples were then stained by the addition of 10 µl of Congo red staining solution (1:1 v/v ratio in 
5 mM phosphate, 150 mM NaCl, pH 7.5, and saturated amount of Congo red), and allowed to dry at room tem-
perature. The stained samples were visualized using a fluorescence microscope (Nikon ECLIPSE E600, USA) at 
excitation and emission wavelengths of 540/25 nm and 605/55 nm, respectively. We verified that the excitation 
wavelengths of the dye did not coincide with the wavelength of the peak absorption of the examined compounds.

Kinetic Thioflavin T (ThT) disassembly assay. To allow the ex vivo cataractous solution to homoge-
nously bind to the ThT dye, the dispersed samples were first divided in black 96-well flat-bottomed plates con-
taining ThT solution (20 μM) in PBS (1x, pH 7.4) creating quadricates of 190 μL total volume. Plates were then 
sealed with clear sealing tape (Thermo, Denmark) and incubated overnight at 37 °C with constant shaking. On 
the next day, 10 μL of freshly prepared stock solutions of 20 mM, 10 mM, and 1 mM 25-hydroxycholesterol (in 
DMSO), doxycycline or rosmarinic acid (in PBS 1x, pH 7.4), were added to the cataractous solutions, yielding in 
total volume of 200 μL. The plates were sealed and incubated at 37 °C with constant shaking for two days. The fluo-
rescence of amyloid-bound ThT was measured daily using CLARIO star plate reader (BMG LABTECH, Germany, 
excitation and emission wavelength of 430 nm and 492 nm, respectively). A similar set of samples including the 
same amounts of the tested compounds was prepared in BSS and measured in parallel for background fluores-
cence subtraction. We verified that the excitation wavelengths of the dye did not coincide with the wavelength of 
the peak absorption of the examined compounds. Relative fluorescence was calculated by subtracting the signals 
of the vehicle and small molecules controls from those of the samples. The results are displayed as percentages of 
the fluorescence of the untreated cataractous solutions for each time point. In between measurements, plates were 
kept sealed at 37 °C with constant shaking.

Statistical analysis. Data were analyzed using the Minitab Software, version 17 (Minitab Inc, State College, 
PA). Turbidity and ThT disassembly over time were analyzed using repeated-measures analysis of variance fol-
lowed by Bonferroni correction for multiple paired comparisons. A P-value of less than 0.1 was considered sta-
tistically significant.

Animal studies. Injection of sodium selenite (Na2SeO3) in rats 10–18 days old is known to rapidly induce 
lens opacification similar to the nuclear and cortical age-related human cataract phenotypes36,37. Newborn Wistar 
male and female rat pups were treated at postnatal age of 13 days with a single subcutaneous injection of sodium 
selenite (30 µmol/kg body weight). Approximately 4 hours before administration of selenite, the study rats were 
treated with a subcutaneous injection of rosmarinic acid (40 mM, 500 µl), and were thereafter treated daily with 
a repeat rosmarinic acid administration. Control rats were treated with a similar protocol, but received a sub-
cutaneous injection of a similar volume of PBS. All rats were monitored daily for the development of cataract. 
Assessment of the lenticular clarity in vivo was performed by visual inspection under a binocular microscope 
following brief anesthesia by inhalation of Isoflurane 3%, and administration of mydriatic eye drops. The degree 
of the cataract severity was assessed according to previously published grading systems38 by two trained ophthal-
mologists who independently assessed photographs of the treated and control eyes. The study was approved by 
the ethics committee of the Ruth and Bruce Rappaport Faculty Of Medicine, Technion Israel Institute of tech-
nology, Haifa, Israel and all experiments were performed in accordance with relevant guidelines and regulations.

Data availability. The authors declare that the data supporting the findings of this study are available within 
the paper and its supplementary information files.
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