Posterior subcapsular cataracts are a late effect after acute exposure to 0.5 Gy ionizing radiation in mice
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Abstract
The long-term effect of low and moderate doses of ionizing radiation on the lens is still a matter of debate. Here, we describe the detailed histological analysis of mouse cohorts 4 hours (reference), 12, 18 and 24 months after a single irradiation with doses from 0.063 to 0.5 Gy. This analysis revealed changes that rarely can be observed by using Scheimpflug imaging, as we reported previously. We detected a significant increase of posterior subcapsular cataracts 18 and 24 months after irradiation with 0.5 Gy (odds ratio 9.3; 95%-confidence interval 2.1 – 41.3) independent of sex and genotype. Doses below 0.5 Gy (i.e. 0.063 and 0.125 Gy) did not significantly increase the frequency of posterior subcapsular cataracts at any time point.
For a better understanding of the underlying mechanisms, metabolomics analyses were performed in lenses and plasma samples of these mouse cohorts. In lenses, we observed a clear effect of sex and aging but not of irradiation or genotype. While metabolomics analyses of plasma from the same mice showed only a sex effect.
[bookmark: _GoBack]This paper demonstrates for the first time a histological confirmation of a slight, but significant increase in the incidence of radiation-induced posterior subcapsular cataracts, which could not be identified using Scheimpflug imaging as the only diagnostic tool.

Introduction
Globally, cataract is the most frequent reason for blindness1, and it is well established that the risk for cataracts is increased by ionizing radiation2, by ultraviolet radiation3, by infrared radiation4 or by steroid intake5. Here, we focus on the risk of ionizing radiation to enhance the frequency for cataracts in mice as in vivo mammalian animal model for the human population. Moreover, in humans, a clear dosimetry is often difficult to perform and the various confounding factors cannot be separated easily.
In mice, data on cataracts caused by ionizing radiation have been reported from the 1950s onward, when dot-like vacuoles in the posterior poles of the lenses of whole-body irradiated mice (RF strain) were observed at doses of 33 rep (~0.3 Gy) earlier than in lenses of the control group. However, these minimal opacities did not advance beyond those developed in the control mice 5 months later6. Similarly, the occurrence of posterior polar vacuoles in lenses of some albino Swiss mice were observed one year after X-ray irradiation with 100 or 300 r (~960 or ~2850 mGy)7. A decade later, data of RF mice exposed to similar doses were published. The authors expressed their data as “mean observed (lens) opacity”, which reached ~35% in all groups after about 1.5 years of observation; however, in the exposed groups the increase in lens opacity was faster than in the control group8 (the scoring system was described by Christenberry et al.9). Later, also heterozygous mouse mutants (Atm+/-, Mrad9+/-) were included into the radiation experiments to find out, whether a partial deficiency in DNA repair processes may increase the sensitivity to ionizing radiation particularly for the induction of cataracts10,11. These authors used a slit lamp to detect cataracts together with the grading system developed by Merriam and Focht12 for scoring. Grade-1 cataracts were observed in all wild-type mice 33 weeks after irradiation (0.5 Gy, X-ray), but almost none in the untreated controls10. Moreover, even grade-2 (“vision-impairing”) cataracts appeared in irradiated mice 55 weeks after exposure to 0.5 Gy; in this cohort, the heterozygous mutants were more radiosensitive than the wild-type mice. Compared to the contralateral, unexposed eyes, the irradiated eyes developed cataracts ~9 weeks earlier and at a higher frequency11.
One of the common assumptions in radiation biology is that the eye lens is more radiation sensitive than other organs. Similar statements are found in many papers dealing with this topic6,13. To test this argument, we established a lifetime study in mice, where we used a single whole-body irradiation at the age of 10 weeks and monitored several organs over a period of 24 months. Two years after irradiation with 0.5 Gy we observed only minor effects on the eye, but roughly half of the cohort had died because of various tumours or age-related disorders14, which questions the higher radiation sensitivity of the eye lens compared to other organs.
Another concern regards the scoring of the cataractous stages, since for a long time slit lamp biometry was the only method used to investigate lens cataracts in vivo. These results of the slit lamp examination are usually demonstrated either by a mean of the scores achieved at a given time after irradiation or by the percentage of mice showing a certain score at a particular time. First the Scheimpflug imaging method enabled systematic cataract measurements in mouse ophthalmology15. Moreover, Scheimpflug imaging is able to determine the overall lens opacity in a quantitative manner, which allows an easy statistical analysis. Using this new technique, we observed a slight, but significant dose-dependent increase of the lens density by just 1% during the 2-years observation period in the above-mentioned lifetime study. In comparison, the effect of age was a 2% increase in lens opacity14. However, one of the major questions was, whether or not Scheimpflug imaging is able to detect posterior-subcapsular changes in the mouse lenses. To validate the Scheimpflug images, we collected eyes from parallel cohorts and analysed them by histology. Here, we report posterior subcapsular cataracts that could not be detected by Scheimpflug imaging. Moreover, to get a better understanding of the radiation induced processes, we performed metabolomic measurements in eye lenses and plasma. Radiation effects on the metabolome of lenses and plasma could not be observed, however, age effects in lenses were detectable.


Results
Histology
Using Scheimpflug imaging, we observed a slight increase in lens density over the observation period of 2 years, which we found to be mainly due to aging14. In particular, there were no severe anterior or nuclear cataracts in any of the groups, and this finding was validated by a rough estimation of a few histological sections14. However, for a more detailed analysis, we systematically investigated all eyes (n=41-44/time point) collected 4 hours, 12, 18 and 24 months after irradiation for aberrations of the lenses in histological sections. While several phenotypical changes were observed in the old lenses as outlined below, no histological changes could be found at the early time points after irradiation.
For the full analysis, we examined the anterior part of the lenses for enlarged and/or swollen fibre cells, detachment between lens epithelial and underlying fibre cells, fissures, mislocated nuclei and anterior subcapsular cataracts (ASC). Similarly, we screened the lens bow region for enlarged and/or swollen fibre cells, fissures and mislocated nuclei. In addition, we inspected the posterior part of the lens with respect to enlarged and/or swollen fibre cells, fissures, the presence of mislocated cell nuclei and posterior subcapsular cataracts (PSC). Examples of the phenotypical categories are given in Fig. 1, and the frequencies of their appearance in the eye lenses are shown in supplementary Table 1. Additional changes, in the lens cortex or the retina, were noticed if they appeared.
As outlined in supplementary Fig. S1, only the mice from the group terminated 24 months after irradiation were regularly investigated by Scheimpflug imaging. Therefore, results from Scheimpflug imaging and histology could be compared for individual mice from the 24-months group only. The one eye showing an anterior subcapsular cataract in the histologic sections 24 months after irradiation (0.5 Gy) indeed showed a small spot at the anterior part of the lens in the Scheimpflug image (Fig. 2a, c). Interestingly, in this lens also a vague posterior clouding was visible by Scheimpflug imaging, which was confirmed as posterior subcapsular cataract by histology (Fig. 2b, d).
The statistical analysis demonstrated a significant radiation effect only for the phenotypical category “posterior subcapsular cataract (PSC)” at the highest irradiation dose of 0.5 Gy (odds ratio [OR] 9.3; 95% confidence interval [CI] 2.1-41.3). Three, 7 and 4 posterior subcapsular cataracts respectively were observed at 12, 18 and 24 months after irradiation, compared to not a single one 4 hours after irradiation (reference). Lower doses (0.125 Gy or 0.063 Gy) did not show any statistically significant differences for posterior subcapsular cataracts compared to the non-irradiated controls. These effects were age-dependent, but were independent of sex and genotype. Posterior subcapsular cataracts were increased significantly in animals analysed 18 and 24 months after irradiation, while yet below significance level at 12 months after irradiation.
As for posterior subcapsular cataracts, we observed significant age-dependent effects on the number of anterior and posterior aberrations. In the anterior lens, in comparison to the 4-hour time point, an increased incidence was found at 12, 18 and 24 months after irradiation for enlarged and/or swollen fibre cells and mislocated nuclei, at 12 and 18 months for detachments and 18 and 24 months for fissures. The only significantly increased incidence in for the lens bow region were fissures at 24 months. Whereas in the posterior part of the lens the number of enlarged and/or swollen fibre cells was significantly increased at 12, 18 and 24 months as well as the number of mislocated micronuclei. The number of subcapsular cataracts was elevated at 18 and 24 months, in comparison to the 4-hour time point. Female mice were significantly more affected by anterior enlarged and/or swollen fibre cells and mislocated nuclei in the lens cortex. A protective association of the heterozygous Ercc2 mutation was observed for anterior detachments. The retinae did not show significant changes 4 hours after irradiation or at later time points, independent of sex and genotype. All odds ratios with the corresponding 95% confidence intervals are shown in Tables 1-4.

Metabolomics
We were also interested in the influence of low-dose radiation on lens and plasma metabolite levels and performed metabolomics analyses on lens and plasma samples of the same mouse cohorts investigated by histology and Scheimpflug imaging.
As the impact of the gender on metabolite levels is known16, samples originating from males or females were evaluated separately. Out of the 188 metabolites measured by the Biocrates AbsoluteIDQ p180 kit 168 and 175 metabolites for lenses and plasma, respectively, could be included in the statistical evaluation. Both mouse genotypes were put together for further statistical analyses (group size n = 3-4) and evaluation was performed with regard to time point after irradiation and irradiation dose.
The PCA plots including all lenses show that the samples from young (4 and 24 hours after radiation) and old animals (12, 18 and 24 months after radiation) could be grouped into two separate clusters (Fig. 3a and b). No clustering based on the radiation dose could be identified, indicating that the age of the animals had a larger influence on the lens metabolome than the genetic background or the irradiation.
Metabolites that mostly contributed to group separation belong to the metabolite classes of carnitines/ acylcarnitines, amino acids, biogenic amines, as well as sphingolipids and long chain unsaturated phosphatidylcholines (Table 5).
To investigate in which pathways the metabolites mostly contributed to group separation in the PCA could be allocated MetaboAnalyst Pathway finder was used. The pathways “Oxidation of Branched Chain Fatty Acids” (only females, p = 0.0019692), “Beta Oxidation of Very Long Chain Fatty Acids” (only females, p = 0.011125), and “Mitochondrial Beta-Oxidation of Long Chain Saturated Fatty Acids” (males and females, p = 0.031185 and 0.036322, respectively) were statistically significantly affected. However, after correction for a false discovery rate (FDR) the statistical significance disappeared.
The findings for plasma were different from those for lenses. The PCA, which included all plasma samples, did not show any distinguished clustering (Fig. 4a and b), neither with respect to irradiation nor to aging.


Discussion
Here, we demonstrate a detailed histological analysis of lenses of a lifetime study, where we irradiated mice at the age of ten weeks and monitored the lenses for cataract formation for two more years. At the highest dose of 0.5 Gy, almost half of the irradiated mice died during the study period. However, the quantitative Scheimpflug analysis showed a dose-dependent increase of the maximal lens opacity of just 1% of lens opacity (highly statistically significant, p<0.001); the effect of age was 2% of the lens opacity14. Since this was the first time that Scheimpflug analysis was used in a screening for radiation-induced cataracts, it was necessary to verify, whether or not the quantitative measurement for lens density would also be able to detect (and quantify) posterior cataracts in mice. The posterior part of the lens is (at least at low doses) considered the most frequently affected area13.
We chose the sensitive method of histology to validate the efficiency of the Scheimpflug method. The histological results clearly demonstrated that there were mild changes in several parts of the lens observed as increased numbers of enlarged/swollen fibre cells, but also for that of mislocated nuclei, which were observed at a high frequency in older mice. However, these alterations could not be resolved by Scheimpflug imaging. Similarly, the posterior subcapsular cataracts, predominantly found in the 0.5 Gy group 12 to 24 months after irradiation, were not detected by Scheimpflug imaging. This is due to the fact that Scheimpflug imaging uses visible light and the posterior part of the mouse lens lays within the shadow of the iris, even if atropine is applied for dilatation. This is different to the human eye, which is larger in size and has an ellipsoid lens, and therefore can be fully imaged including its posterior pole through the dilated pupil17. In conclusion, our results demonstrate that Scheimpflug imaging is an important technique for quantification of anterior and nuclear lens opacities in the mouse but it is not helpful for the detection of changes at the posterior part of the mouse lens. In mice other methods such as optical coherence tomography (OCT) should be considered for in vivo imaging of the posterior lens18.
Taking together, using histological analysis we observed a significant increase in posterior subcapsular cataracts at the highest dose of 0.5 Gy (14 posterior subcapsular cataracts), when compared to the non-irradiated controls (2 posterior subcapsular cataracts). This finding is in line with previous reports, that found stage I cataracts in mice following an irradiation of 0.5 Gy (based upon the classification of Merriam and Focht12). However, we did not observe any severe forms of cataract such as nuclear cataracts, neither by Scheimpflug imaging nor by histology. In addition to the posterior subcapsular cataracts, just two anterior subcapsular cataracts were found, both in the 0.5 Gy group, at 18 and at 24 months after irradiation. Therefore, the question remains open whether the difference between the observations demonstrated here and in our previous paper14 and those previously published by others10,11,19,20 is due to the use of different mouse strains with perhaps different radiation sensitivity. It should be noted that our analyses were not corrected for multiple testing, because this was mainly an explorative study with small sample sizes. Hence, some of our findings may be false positive, which might possibly explain why we observed seemingly inconsistent age effects for several outcomes. Therefore, all findings basically require confirmation from validation studies. 
Metabolomics was undertaken to further analyse possible irradiation-induced changes in the lens. However, changes in the lenses due to ionizing radiation could not be detected. Instead, the metabolic aging of the lenses was observed. Our findings concerning aging are in agreement with a recent report on metabolite levels in lenses of young (6 weeks old) and aged (73 weeks old) C57BL/6J mice21. Using a comparable small group size as in our case (n=4) and mixed gender groups the authors could demonstrate a clear separation between young and old lenses. The metabolites they looked at were, however, mostly different from our study.
In contrast to lenses, the age effects could not be observed in the plasma samples. This was surprising, since other studies were able to demonstrate such effects in the same strain as used in our study, the C57BL/6J mouse strain22,23. Houtkooper22 observed statistically significant differences in levels of some lipids and amino acids between old (103 weeks old; n=9) and young (24 weeks old; n=9) C57BL/6J mice. In that study, plasma amino acids and acylcarnitines were measured by LC-MS/MS as well as fatty acids in erythrocytes by GC-MS. The p180 kit used in our study also includes amino acids and acylcarnitines but our sample sizes were probably too small to see significant age-related changes. In a longitudinal study Tomás-Loba23 found a change of phospholipids and phospholipid ratios during aging of C57BL/6J mice from 8 to 129 weeks (n = 18-35). Our analyses include some of the metabolites measured in that study. However, our low sample number per group may explain that small changes during the aging process were missed in our study, due to the high data variance.
Using the p180 Kit from Biocrates24 we found a significant change in some glycerophospholipids during aging in serum of C57BL/6J mice (4 versus 21 months old mice). A higher number of animals per group than in our case might have led to their observation of significant differences, but unfortunately the study design in the cited paper does not reveal any information about the group size.
Further factors could explain the differences in results between the other studies and ours. Metabolite levels can easily be influenced by the way how blood is taken. The time point of blood taking25, the kind of anaesthesia used26, or the mouse handling and husbandry (influence of import of mice from breeding location to the study location; when mouse husbandry or sample collection is performed by different persons) - to name only some factors - can strongly impact metabolomics results. Thus, in future studies a higher number of animals per group is required to get sufficient statistical power. 

In conclusion, the histological examinations in our lifetime study of mice confirmed that an irradiation up to 0.5 Gy did not lead to nuclear cataracts (according to stage II of Merriam and Focht12), however, we provided evidence for low radiation-induced posterior subcapsular cataracts that could not be doubtlessly detected by Scheimpflug imaging in our mouse model. Metabolomics is an interesting new tool for the analysis of mouse eye lenses, but probably not sensitive enough to detect barely perceptible changes caused by radiation at least at the low doses used here.


Materials and Methods
Mice
Recently, we described the γ-irradiation of mice (wild types or heterozygous Ercc2 mutant mice, both on B6C3F1 strain background; gene symbol Ercc2 means excision repair cross-complementing rodent repair deficiency, complementation group 2) at the age of 10 weeks by various doses (0, 0.063, 0.125 or 0.5 Gy at 0.063 Gy/min) and their monitoring for 24 months14. Supplementary Fig. S1 gives an overview of the irradiation scheme. The study was approved by the Government of Upper Bavaria (Az. 55.2-1-54-2532-161-12). The use of animals was in strict accordance with the German Law of Animal Protection and the tenets of the Declaration of Helsinki.

Sample preparation
Mice were sacrificed by CO2 at different time points after irradiation (4 and 24 hours, 12, 18 and 24 months) and eyeballs, lenses and blood were collected. Immediately after death, the mouse body was opened and whole blood was taken from the Vena cava using a S-Monovette (EDTA KE/1.2 ml; Sarstedt, Nümbrecht, Germany). After gentle mixing, tubes were centrifuged for 10 min and 4500 x g at 20-24oC. Plasma was transferred to precooled cryo tubes (1 ml; Greiner Bio-One, Frickenhausen, Germany), snap frozen in liquid nitrogen and stored at -80oC until use. 
Whole eyes from 3 different individuals (only right eyes) per time point after radiation, genotype and radiation dose were fixed in Davidson solution (95% ethyl alcohol [30ml]; 10% neutral buffered formalin [20ml]; glacial acetic acid [10ml]; distilled water [30ml]). After 3 days, the samples were washed twice with 70% ethanol and kept in infiltration liquid (Technovit 8100, Heraeus-Kulzer, Wehrheim, Germany) over night. The next day, eyes were embedded in plastic (Technovit 8100) and stored at 4oC until use.
Two lenses per time point after radiation, genotype and radiation dose were carefully dissected from left eyeballs, washed in PBS, and individually snap frozen and stored at -80°C in 1.5 ml Safe-Lock Tubes (Eppendorf, Wesseling-Berzdorf, Germany) until use.

Eye histology
Plastic-embedded eyes were cut in sections of 2 µm thickness with a glass knife (Ultramicrotome OmU3, Reichert, Vienna, Austria). A full histological analysis was made for all samples collected at 4 hours, 12, 18, and 24 months after irradiation.
Eye sections were stained with methylene blue and basic fuchsin27. Per eye, 6-8 sagital sections through the central eye plane with the optic nerve were analysed (Axioplan, Zeiss, Oberkochen, Germany). GIMP software was used for image processing (www.gimp.org; 2.8 (2012-05-03) and 2.10.8 (2018-11-08)). Alterations in the lens were categorized, and these categories were used for statistical analyses: enlarged/swollen fibre cells, detachments, fissures, mislocated nuclei, cataract in the anterior, posterior part and the lens bow region (Tab. 1-4).
 
Odds ratios with corresponding 95% confidence intervals were calculated separately for each of the phenotypical categories/ outcomes using logistic regression with Firth’s correction method28. Radiation (categorical variable; 0 Gy was used as reference category), time after irradiation (4 hours, 12, 18 or 24 months; 4 hours was used as reference category), sex and genotype were used as predictors for each outcome, thus mutually adjusted for each other. The level of significance was set to 5% without correction for multiple testing due to the explorative nature of this study. All analyses were carried out using SAS 9.4 (SAS Institute, Cary, NC, USA). The analysis code is available at https://osf.io/6pmyj/. The raw data will be added after journal acceptance.

Metabolomics
Plasma and lens samples of all time points (4 and 24 hours as well as 12, 18 and 24 months) were analysed by targeted metabolomics measurements. In case of plasma, 10 µl were used without any pre-processing. The preparation of the lens tissues was carried out based on a procedure described earlier29, however with the necessary adaptations. Briefly, each frozen lens was weighed and transferred into a dry ice-precooled 0.5 ml homogenization tube containing ceramic beads of 1.4 mm diameter (PEQLAB Biotechnology GmbH, Erlangen, Germany). 8 µl of ethanol/phosphate buffer (85/15 v/v; precooled on dry ice) per mg tissue were added to the frozen lenses. Lenses were homogenized at -4°C using a Precellys 24 homogenizer with an integrated cooling unit (PEQLAB Biotechnology GmbH, Erlangen, Germany) for three times over 30 seconds at 5500 rpm with 25 seconds pause intervals to ensure constant temperatures during homogenization. The homogenates were centrifuged for five minutes at 10000 x g, and 10 µl of the supernatants (extracts) were used for the metabolomics measurement.
Metabolite quantification was performed using liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) and flow injection-electrospray ionization-tandem mass spectrometry (FIA-ESI-MS/MS) measurements and the AbsoluteIDQTM p180 Kit (Biocrates Life Sciences AG, Innsbruck, Austria). The assay allows simultaneous quantification of 188 metabolites and includes free carnitine, 39 acylcarnitines (Cx:y), 21 amino acids (19 proteinogenic + citrulline + ornithine), 21 biogenic amines, hexoses (sum of hexoses – about 90-95 % glucose), 90 glycerophospholipids (14 lysophosphatidylcholines (lysoPC) and 76 phosphatidylcholines (PC)), and 15 sphingolipids (SMx:y). The abbreviations Cx:y are used to describe the total number of carbons and double bonds of all chains, respectively30. For the LC-part, compound identification and quantification were based on scheduled multiple reaction monitoring measurements (sMRM). The method of AbsoluteIDQTM p180 Kit has been proven to be in conformance with the EMEA-Guideline "Guideline on bioanalytical method validation (July 21st 2011)” 31, which implies proof of reproducibility within a given error range. Sample preparation and LC-MS/MS measurements were performed as described in the manufacturer manual UM-P180 (Biocrates). The limits of detection (LOD) were set to three times the values of the zero samples (PBS for plasma and ethanol/phosphate buffer (85/15 v/v) for lens tissue). The assay procedures of the AbsoluteIDQTM p180 Kit as well as the metabolite nomenclature have been described in detail previously32.
Sample handling was performed by a Hamilton Microlab STARTM robot (Hamilton Bonaduz AG, Bonaduz, Switzerland) and a Ultravap nitrogen evaporator (Porvair Sciences, Leatherhead, UK) beside standard laboratory equipment. Mass spectrometric analyses were done on an API 4000 triple quadrupole system (AB SCIEX Deutschland GmbH, Darmstadt, Germany) equipped with a 1200 Series HPLC (Agilent Technologies Deutschland GmbH, Böblingen, Germany) and a HTC PAL auto sampler (CTC Analytics, Zwingen, Switzerland) controlled by the software Analyst 1.6. Data evaluation for quantification of metabolite concentrations and quality assessment was performed with the software MultiQuant 3.0 (AB SCIEX, Framingham, MA, USA) and the MetIDQ™ software package, which is an integral part of the AbsoluteIDQ™ Kit. Metabolite concentrations were calculated using internal standards and are reported in µM. Each study sample was measured once. Samples of lenses and plasma were measured on separate kit plates, with the samples randomly distributed on the plates.

Data pre-processing and statistical analysis were performed using the software R v3.4.433.
Prior to statistical calculations raw metabolite concentration data were pre-processed. In case of lenses, the imputed data had additionally to pass through the step of plate normalization, in which metabolite concentrations were normalized to the mean metabolite concentrations of control plasma samples (human plasma samples; run on each plate in parallel to study samples) of all respective plates. Metabolites showing a coefficient of variation (CV) > 25% in the control samples were removed from the data set as were metabolites with NA values in more than 40% of the study samples (NA: not available; values measured, but well below LOD, so that no peak for integration was detectable). Remaining NA values were replaced by values calculated as follows: the lowest value measured of the respective metabolite was divided by √2 and multiplied by a randomly chosen factor between 0.75 and 1.25. 
Principal Component Analyses (PCA)34 was conducted to find possible radiation effects. Metabolites, mostly contributing to group separations in the PCA were further analysed by the Pathway finder of Metaboanalyst 4.035 using HMDB IDs and pathway library Mus musculus (SMPDB (The Small Molecule Pathway Database)). Significance level was set to p <0.05. The comparison of means of the multiple groups was carried out using the non-parametric Mann-Whitney U test36 with Bonferroni correction37.
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Table 1. Odds Ratios [95% confidence intervals] of outcomes from the anterior part of the lenses. Associations which are statistically significant at a level of 5% are shown in bold face.
	
	Enlarged/swollen fibre cells
	Detachments
	Fissures
	Mislocated nuclei
	Subcapsular cataracts

	Radiation (reference: no radiation)
	
	
	
	
	

	   0.063 Gy
	1.41 [0.50, 3.97]
	2.10 [0.79, 5.55]
	0.87 [0.24, 3.17]
	1.61 [0.58, 4.48]
	1.00 [0.04, 24.11]

	   0.125 Gy
	0.72 [0.26, 2.01]
	1.13 [0.42, 3.08]
	0.54 [0.13, 2.25]
	1.60 [0.57, 4.51]
	0.98 [0.04, 23.86]

	   0.5 Gy
	1.02 [0.36, 2.87]
	1.49 [0.55, 4.04]
	1.31 [0.38, 4.48]
	0.73 [0.25, 2.12]
	4.74 [0.36, 61.68]

	Age 
(reference: 4 hours)
	
	
	
	
	

	   12 months
	14.82 [5.06, 43.46]
	3.79 [1.38, 10.43]
	9.92 [0.60, 164.89]
	4.84 [1.13, 20.70]
	1.26 [0.05, 31.96]

	   18 months
	14.82 [5.05, 43.45]
	9.54 [3.41, 26.71]
	17.44 [1.11, 274.80]
	18.59 [4.56, 75.82]
	3.20 [0.21, 49.22]

	   24 months
	7.92 [2.84, 22.12]
	2.48 [0.88, 7.05]
	24.41 [1.57, 379.562]
	19.12 [4.64, 78.80]
	3.40 [0.22, 53.27]

	Male mouse
	0.29 [0.14, 0.61]
	0.91 [0.46, 1.79]
	0.79 [0.31, 1.98]
	0.80 [0.39, 1.64]
	0.20 [0.02, 1.72]

	Mutant mouse
	0.99 [0.48, 2.01]
	0.46 [0.24, 0.92]
	0.87 [0.35, 2.19]
	1.29 [0.63, 2.64]
	0.24 [0.03, 1.93]





Table 2. Odds Ratios [95% confidence intervals] of outcomes from the lens bow region. Associations which are statistically significant at a level of 5% are shown in bold face.
	
	Enlarged/swollen fibre cells
	Fissures
	Mislocated nuclei

	Radiation 
(reference: no radiation)
	
	
	

	   0.063 Gy
	0.70 [0.15, 3.21]
	5.70 [0.31, 105.95]
	0.81 [0.15, 4.51]

	   0.125 Gy
	0.34 [0.05, 2.23]
	5.58 [0.30, 103.66]
	0.50 [0.07, 3.50]

	   0.5 Gy
	0.56 [0.11, 2.91]
	14.64 [0.88, 244.03]
	0.90 [0.16, 5.04]

	Age 
(reference: 4 hours)
	
	
	

	   12 months
	0.95 [0.11, 8.19]
	1.98 [0.28, 14.02]
	3.07 [0.54, 17.51]

	   18 months
	3.16 [0.52, 19.13]
	0.33 [0.02, 6.62]
	0.32 [0.02, 5.72]

	   24 months
	2.38 [0.37, 15.30]
	6.06 [1.04, 35.46]
	1.70 [0.26, 11.31]

	Male mouse
	3.31 [0.88, 12.34]
	0.42 [0.12, 1.54]
	1.35 [0.38, 4.83]

	Mutant mouse
	2.17 [0.63, 7.42]
	1.35 [0.39, 4.66]
	0.47 [0.12, 1.78]





Table 3. Odds Ratios [95% confidence intervals] of outcomes from the posterior part of the lenses. Associations which are statistically significant at a level of 5% are shown in bold face.
	
	Enlarged/swollen fibre cells
	Fissures
	Mislocated nuclei
	Subcapsular cataracts

	Radiation 
(reference: no radiation)
	
	
	
	

	   0.063 Gy
	0.89 [0.35, 2.28]
	1.47 [0.20, 10.87]
	0.97 [0.36, 2.65]
	0.82 [0.14, 5.00]

	   0.125 Gy
	0.64 [0.24, 1.71]
	0.93 [0.11, 8.19]
	0.95 [0.34, 2.62]
	0.85 [0.14, 5.21]

	   0.5 Gy
	0.44 [0.16, 1.22]
	0.25 [0.01, 4.88]
	1.22 [0.44, 3.34]
	9.28 [2.08, 41.31]

	Age 
(reference: 4 hours)
	
	
	
	

	   12 months
	5.87 [1.85, 18.68]
	1.11 [0.04, 31.72]
	13.75 [2.48, 76.38]
	9.30 [0.47, 182.33]

	   18 months
	4.85 [1.51, 15.55]
	1.12 [0.04, 32.22]
	31.10 [5.67, 170.71]
	46.52 [2.61, 829.14]

	   24 months
	5.23 [1.62, 16.90]
	11.20 [0.85, 148.12]
	17.88 [3.22, 99.21]
	19.62 [1.08, 357.87]

	Male mouse
	1.58 [0.79, 3.16]
	2.43 [0.47, 12.54]
	0.81 [0.40, 1.63]
	0.55 [0.19, 1.57]

	Mutant mouse
	0.66 [0.33, 1.31]
	2.57 [0.50, 13.20]
	1.01 [0.50, 2.04]
	1.20 [0.43, 3.37]





Table 4. Odds Ratios [95% confidence intervals] of other outcomes. Associations which are statistically significant at a level of 5% are shown in bold face.
	
	Retina
	Cortex: Mislocated nuclei

	Radiation 
(reference: no radiation)
	
	

	   0.063 Gy
	0.54 [0.08, 3.62]
	4.17 [0.20, 85.19]

	   0.125 Gy
	0.94 [0.17, 5.09]
	7.06 [0.39, 127.70]

	   0.5 Gy
	0.58 [0.09, 3.92]
	3.48 [0.17, 72.05]

	Age 
(reference: 4 hours)
	
	

	   12 months
	1.69 [0.26, 10.94]
	0.35 [0.02, 6.10]

	   18 months
	0.35 [0.02, 5.91]
	0.33 [0.02, 5.76]

	   24 months
	2.53 [0.43, 15.05]
	3.34 [0.53, 21.17]

	Male mouse
	0.61 [0.16, 2.35]
	0.09 [0.01, 0.98]

	Mutant mouse
	1.03 [0.28, 3.81]
	0.37 [0.07, 1.98]







Table 5:  Metabolites mostly contributing to group separation in PCA of female and male lenses. PC aa – Phosphatidylcholinediacyl, SM – Sphingomyeline, SM (OH) - Hydroxysphingomyeline
	
	female lenses
	male  lenses

	
	up-regulated
	down-regulated
	up-regulated
	down-regulated

	Metabolites
	SM C26:1
SM C24:1
SM C16:0
PC aa C38:3
SM C24:0
PC aa C40:3
SM (OH) C22:2
SM (OH) C16:1

	Carnitine (C0)
Octadecanoylcarnitine (C18) 
Methionine (Met)
Propionylcarnitine (C3) 
Hydroxyhexanoylcarnitine (C5-DC(6-OH))

	SM C16:0
SM C16:1
SM (OH) C16:1
Tetradecanoylcarnitine (C14)
PC aa C40:3
SM (OH) C22:2
SM C20:2
SM C24:1
PC aa C38:3
	Octadecanoylcarnitine C18
Methionine (Met)
Spermidine






Legend to the Figures:

Fig. 1: Categories of morphological alterations in the eye lens
Major features of the morphological alterations observed in our lifetime study are presented. The same categories were used to prepare the frequency table (Tab. S1). At the anterior part of the lenses (a), we observed enlarged and/or swollen fibre cells (arrows), detachment between the lens epithelial cells and the underlying fibre cells, and anterior subcapsular cataracts. At the lens bow region (b), we observed enlarged and/or swollen fibre cells (asterisks), mislocated nuclei (arrows), and fissures. At the posterior region (c), we observed enlarged and/or swollen fibre cells (arrows), mislocated nuclei (arrow), and posterior subcapsular cataracts. For each region, the healthy situation ("no findings") is demonstrated at the left side of the series. Bar represents 50 µm.

Fig. 2: Anterior and posterior subcapsular cataracts in a single eye observed by Scheimpflug imaging and histology.
a) A lens from the 0.5 Gy irradiation cohort was analysed by Scheimpflug imaging demonstrating a clear anterior (arrow) and a vague posterior subcapsular cataract (*); C = cornea, L = lens b) The densitogram shows both opacities with a maximum lens density of 20% at the anterior part and ~10% at the posterior part. c) Histology of the anterior and d) posterior lens confirms the Scheimpflug imaging. Bar (a) = 500 µm; (c), (d): 50 µm.

Fig. 3: Principal Component Analysis for lens metabolites of irradiated mice
Principal Component Analysis (PCA) for lens samples 4 and 24 hours (4h and 24h) as well as 12, 18, and 24 months (m12, m18 and m24) after irradiation and irradiated at different doses (0, 0.063, 0.125, or 0.5 Gy). Data of wild-type and mutant mice lenses were combined to one group for each time point and radiation dosage for a total number of 3-4 lenses per group. a) females; b) males. The male group of 18 month and 0 Gy was excluded from the analysis due to a too little sample number in this group.

Fig. 4: Principal Component Analysis for plasma metabolites of irradiated mice
PCA for plasma samples was performed including all time points (4 and 24 hours (4h and 24h) as well as 12, 18, and 24 months (12m, 18m, and 24m) after irradiation) and all irradiation doses (0, 0.063, 0.125, or 0.5 Gy). Data of wild-type and mutant mice were combined to one group for each time point and radiation dosage. a) females; b) males. 
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Fig. 3 Principal Component Analysis for lens metabolites of irradiated mice
a) b)


     




Fig. 4 Principal Component Analysis for plasma metabolites of irradiated mice 
a) b)


     




Supplementary Table S1:
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Supplementary Figure S1
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Fig. S1 Irradiation cohorts
Mice were bread and irradiated in 6 independent groups (1-6) within a period of 15 months (April 2013-July 2014). All irradiation groups include the same numbers of male and female as well as wild types and Ercc2+/- mutants. For the 24 mth p.i. cohorts (1, 2, 3) 76 mice were irradiated with the same dose (0, 0.063, 0.125, 0.5 Gy) and doserate (0.063 Gy/min). The 76 sham irradiated (0 Gy) mice were split between the irradiation groups. Long-term cohorts received regular examinations by Scheimpflug imaging, OCT (optical coherence tomography) and behaviour testing until 24 months post irradiation (p.i.). For the 4 & 24 h, 12 & 18 mth p.i. cohorts (4, 5, 6) 64 mice were exposed to the same dose; the number of sham irradiated mice was split between the groups. At different timepoints (4 and 24 hours, 12 and 18 months p.i.; represented by dotted lines) 16 mice (4 male wt, 4 female wt, 4 male Ercc2+/-, 4 female Ercc2+/-) from each dose group were killed and eyes were taken for further analyses. 
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