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Abstract
It is known that fluorescence, much of it caused by UVA light excitation, increases in the aging
human lens, resulting in loss of sharp vision. This study used an in vivo animal model to
investigate UVA-excited fluorescence in the rabbit lens, which contains a high level of the UVA
chromophore NADH, existing both free and bound to λ-crystallin. Also, the ability of a Class I
(senofilcon A) soft contact lens to protect against UVA-induced effects on the rabbit lens was
tested. Rabbit eyes were irradiated with UVA light in vivo (100 mW/cm2 on the cornea) for 1 hour
using monochromatic 365 nm light. Irradiation was conducted in the presence of either a
senofilcon A contact lens, a minimally UV-absorbing lotrafilcon A contact lens, or no contact lens
at all. Eyes irradiated without a contact lens showed blue 365 nm-excited fluorescence initially,
but this changed to intense yellow fluorescence after 1 hour. Isolated, previously irradiated lenses
exhibited yellow fluorescence originating from the lens nucleus when viewed under 365 nm light,
but showed normal blue fluorescence arising from the cortex. Previously irradiated lenses also
exhibited a faint yellow color when observed under visible light. The senofilcon A contact lens
protected completely against the UVA-induced effects on fluorescence and lens yellowing,
whereas the lotrafilcon A lens showed no protection. The UVA-exposure also produced a 53%
loss of total NADH (free plus bound) in the lens nucleus, with only a 13% drop in the anterior
cortex. NADH loss in the nucleus was completely prevented with use of a senofilcon A contact
lens, but no significant protection was observed with a lotrafilcon A lens. Overall, the senofilcon
A lens provided an average of 67% protection against UVA-induced loss of four pyridine
nucleotides in four different regions of the lens. HPLC analysis with fluorescence detection
indicated a nearly six-fold increase in 365 nm-excited yellow fluorescence arising from lens
nuclear λ-crystallin after the in vivo UVA exposure. It is concluded that UVA-induced loss of free
NADH (which fluoresces blue) may have allowed the natural yellow fluorescence of λ-crystallin
and other proteins in the lens nucleus to become visible. Increased fluorescence exhibited by
UVA-exposed λ-crystallin may have been the result of a UVA-induced change in the
conformation of the protein occurring during the initial UVA-exposure in vivo. The results
demonstrate the greater susceptibility of the lens nucleus to UVA-induced stress, and may relate to
the formation of human nuclear cataract. The senofilcon A contact lens was shown to be beneficial
in protecting the rabbit lens against effects of UVA light, including changes in fluorescence,
increased yellowing and loss of pyridine nucleotides.
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1. Introduction
The possibility that UV radiation in sunlight may be a cause of human nuclear cataract
continues to be controversial. While certain epidemiological studies have failed to find a
link between sunlight and nuclear cataract (Cruickshanks et al., 1992; Delcourt et al., 2000;
Taylor et al., 1988; West et al., 1998), others have detected a possible connection (Hayashi
et al., 2003; Mohan et al., 1989; Neale et al., 2003; Pastor-Valero et al., 2007; Wong et al.,
1993; Zigman et al., 1979). An unusually high incidence (nearly 70%) of nuclear cataract
has been documented for individuals in their sixth decade of life in regions with high UV
exposure, including Singapore (Sasaki et al., 2002), Indonesia (Sasaki et al., 1989), India
(Murthy et al., 2007), and two subtropical regions of Japan (Sasaki et al., 2002; Sasaki et al.,
1995). Truscott has hypothesized that it may only be past the age of 50 that the human lens
nucleus becomes vulnerable to UV-induced protein damage (Truscott, 2003). At this age in
the human, a substantially decreased level of reduced glutathione in the lens nucleus can
cause normally protective kynurenine UV filters to bind to lens proteins, possibly leading to
toxic interactions between UV light and lens nuclear crystallins (Aquilina et al., 1997;
Korlimbinis et al., 2007; Mizdrak et al., 2008; Parker et al., 2004). Once nuclear cataract
begins to form in the human lens, the opacity proceeds rapidly (Sasaki et al., 2002), possibly
too fast for epidemiological studies to detect a correlation with cumulative sunlight
exposure.

If sunlight is indeed a cause of lens nuclear opacity, it is likely that UVA radiation (315 to
400 nm wavelength), and not UVB (290 to 315 nm), is the initiating factor. Of the total UV
radiation reaching the earth (up to 10 mW/cm2), 97% of it consists of UVA wavelengths,
and because of the strong absorption of UVB light by the cornea, 1000x as much UVA light
reaches the human lens epithelium, compared to UVB (Zigman, 1995). In addition, almost
all UVB radiation reaching the lens is absorbed in the first few layers of cells, whereas UVA
light is able to enter deep into the lens nucleus and be absorbed (Balasubramanian, 2000;
Gaillard et al., 2000). Animal models used to study cataract have shown that UVB radiation
produces anterior subcapsular and cortical cataracts (Dong et al., 2007; Giblin et al., 2011;
Pitts et al., 1977), while long-term exposure to UVA light induces increased lens nuclear
light scatter and aggregation of lens nuclear crystallins (Barron et al., 1988; Bergauer, 1991;
Giblin et al., 2002; Simpanya et al., 2008). The potentially damaging nature of UVA light,
which is only about 20% lower in energy per photon than UVB light, has been well-
documented for both non-ocular (Cadet et al., 2009; Godar et al., 1993; McMillan et al.,
2008; Tyrrell, 1991) and ocular (Azzam et al., 2004; Balasubramanian, 2000; Rudy et al.,
1982; Weinreb et al., 2001; Zigman, 2000) tissues. UVA radiation has been strongly
implicated in photoaging of the skin (Gasparro, 2000; Hanson and Simon, 1998), and there
is even evidence that signals evoked by UVA light entering the eye can accelerate skin
photoaging (Hiramoto et al., 2012). Old human lenses are known to contain protein-bound
UVA sensitizers that can generate UVA-induced reactive oxygen species, including
substantial amounts of singlet oxygen (Linetsky and Ortwerth, 1997; Ortwerth et al., 2002).
Similarly, decomposition products of ascorbic acid forming in the old human lens nucleus
have been proposed to act as toxic UVA chromophores (Avila et al., 2010; Ortwerth et al.,
2003). Harmful effects of UVA light in the lens nucleus may be accelerated by an increase
in the partial pressure of oxygen occurring as a result of age-related vitreous humor
liquefaction and posterior vitreous detachment (Giblin et al., 2009; Harocopos et al., 2004).
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Lenses of diurnal species, including human, duck, frog, guinea pig, rabbit and squirrel,
contain high levels of UVA chromophores, in contrast to lenses of nocturnal species, such as
rat and cat (Hains et al., 2006; Wood and Truscott, 1994; Zigler and Rao, 1991). Absorption
of UVA light by young human lenses is due to the presence of high concentrations of
unbound 3-hydroxy kynurenine glucoside, which is replaced in the aging human lens by
UVA-absorbing old yellow proteins (Gaillard et al., 2000; Korlimbinis et al., 2007). The
present study involves the rabbit lens, which contains high levels of the UVA-absorbing
pyridine nucleotide NADH, both free and bound to λ-crystallin (Bando et al., 2006; Giblin
and Reddy, 1980; Zigler and Rao, 1991). Rabbit lens λ-crystallin is identical to the liver
enzyme L-gulonate 3-dehydrogenase whose crystal structure in complex with NADH has
been determined at 1.85 Å resolution (Asada et al., 2010; Ishikura et al., 2005).

It has long been known that as the human lens ages, there is a significant increase in the
level of fluorescence, much of it the result of excitation by UVA wavelengths present in
sunlight (Balasubramanian, 2005; Jacobs and Krohn, 1976; Lerman et al., 1978; Weale,
1985; Zigman, 1985). The fluorescence appears to be concentrated in the lens nucleus where
it may be involved in the development of nuclear cataract (Bando et al., 1976). Beginning at
about the age of 60, increased fluorescence in the human lens can produce an elevated level
of veiling glare, resulting in substantial loss of sharp vision (Asbell and Potapova, 2005;
Weale, 1985; Zuclich et al., 1992). The present study investigates the effects of an acute in
vivo dose of 365 nm light on subsequent UVA-excited fluorescence in the rabbit lens, and
the ability of a class I UV-blocking contact lens to prevent the fluorescence effects, as well
as UVA-induced loss of lens pyridine nucleotides. Class I silicone hydrogel contact lenses
contain UV-blocking materials that absorb more than 99% of incident UVB radiation and
90% of UVA (Moore and Ferreira, 2006) (ANSI Z80.20-2010 and ISO 18369-2:2006
standards). We have previously shown that these contact lenses are beneficial in protecting
ocular tissues of the rabbit against harmful effects of UVB light, including photokeratitis
and anterior subcapsular cataract (Giblin et al., 2011).

2. Materials and methods
2.1 Animals

Rabbits (New Zealand White, 2.5–3.0 kg) were obtained from Kuiper Rabbit Ranch
(Indianapolis, IN, USA). All studies conformed to the ARVO Statement for Use of Animals
in Ophthalmic and Vision Research, and were approved by the Oakland University Animal
Care and Use Committee. Euthanization was conducted by first anesthetizing the animals
with Xylazine and Ketamine HCl, followed by injection of an overdose of sodium
pentobarbital.

2.2 UVA irradiation
Prior to UVA irradiation, rabbits were tranquilized with an intramuscular injection of
Xylazine (20 mg/kg) and Ketamine HCl (5 mg/kg), and the eyes fully dilated with 1%
tropicamide (Mydral, Ocusoft, Inc., Richmond, TX, USA). During irradiation, the rabbits
were confined in an adjustable retaining cage which protected most of the animal, except the
head, from the UVA light. UVA levels were determined with a UVX Digital Radiometer
(San Gabriel, CA, USA) equipped with a UVA sensor at 365 nm (Model UVX-36). Eyes of
anesthetized rabbits were exposed to UVA irradiation using a Hamamatsu UV-LED light
source (Hamamatsu USA, Bridgewater, NJ, USA) at a monochromatic wavelength of 365
nm, and a distance of 7 cm from the cornea. The irradiated eye was held open with use of an
eye speculum, and the corneal surface of each irradiated eye was kept moist by topical
application of 0.9% saline every 5 min. The irradiance on the cornea was 100 mW/cm2

which is about 60 times the maximum exposure of the human cornea to UVA contained in
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sunlight (Zigman, 1995). Eyes were irradiated for 1 hr to produce a total fluence of 360 J/
cm2.

Eyes were exposed to UVA radiation in the presence of either a senofilcon A contact lens
(ACUVUE® OASYS®, Johnson & Johnson Vision Care, Inc., Jacksonville, FL, USA),
which absorbs >99% of incident UVB and >90% of UVA (Moore and Ferreira, 2006), a
lotrafilcon A contact lens (Focus Night and Day, CIBA Vision, Duluth, GA, USA), which
absorbs 30% of incident UVB and 15% of UVA (Moore and Ferreira, 2006), or no contact
lens at all. Contact lenses were applied to the corneas of tranquilized rabbits. A drop of
saline was added to the contact lens (to prevent air being trapped between the lens and the
cornea) and, using the tip of the index finger, the lens was applied to the cornea.

2.3 Lens photography
Photographs of emission of UVA-induced blue and yellow fluorescence from lenses in vivo
and in vitro were taken in a dark room using a Nikon D40x digital camera with a macro lens.
Photographs of isolated pale yellow lenses from UVA-exposed eyes were taken in a dark
room with a Nikon D40x digital camera attached to a dissecting microscope. For this
photography, each lens was placed in saline in a culture dish on a light box (Scienceware,
Bel-Art Products, Pequannock, NJ, USA; catalog #37864-2000) that was used for back light
illumination. The light box contained a fluorescent lamp that was color-corrected to a color
temperature of 6,500 °K (daylight, overcast).

2.4 Biochemical analysis
For pyridine nucleotide analysis, lenses were isolated from the eye by posterior approach,
frozen rapidly in crushed dry ice, and separated into anterior cortex (AC), posterior cortex
(PC), equatorial cortex (EC) and nucleus (N) with use of a cork borer and razor blade. The
percent of total lens weight for each region was 10% (AC), 10% (PC), 50% (EC) and 30%
(N). Levels of pyridine nucleotides in the four regions were measured using a cycling assay
as previously described (Giblin and Reddy, 1980). Levels of NADH and NADPH were also
measured in certain HPLC elution fractions. Fractions from five HPLC runs were pooled
and concentrated to a volume of 200 μl using an Amicon Ultra Centrifugal Filter (Millipore,
Billerica, MA, USA). Protein concentration was measured by the Pierce BCA Protein Assay
using bovine serum albumin as a standard (Fisher Scientific, Rockford, IL, USA). For
analysis of HPLC fractions, the cycling assay was modified slightly to use double strength
KOH to compensate for dilution.

2.5 HPLC analysis
For HPLC analysis, control and UVA-exposed rabbit lenses were frozen rapidly in crushed
dry ice and stored for a few weeks at −80 degrees C before use. The lenses were separated
into nucleus (16% of the total weight) and anterior cortex (5% of the total weight) with use
of a cork borer and razor blade. The tissues were homogenized (100 mg wet weight of lens
tissue per ml buffer) in a nitrogen atmosphere at 4°C in 20 mM phosphate buffer (pH 7.0)
containing 1 mM EDTA. After centrifugation of the homogenate for 25 min at 15,000 rpm
(20,000 ×g), concentrations of water soluble (WS) proteins were determined as described
above. Nuclear and anterior cortical WS proteins were fractionated by size-exclusion
chromatography on an HPLC system (Shimadzu Scientific Co., Kyoto, Japan). The column
was calibrated with the following protein standards (all from Sigma-Aldrich Chemical Co.,
St. Louis, MO, USA): thyroglobulin (670 kDa), β-amylase (200 kDa), bovine serum
albumin (66 kDa), carbonic anhydrase (29 kDa) and cytochrome C (12.4 kDa). 1.0 mg
protein samples in phosphate buffer (pH 7.0) were injected and separated using a flow rate
of 250 μl/min of 20 mM sodium phosphate buffer, pH 7.0, containing 1 mM EDTA.
Separation of proteins was performed on a 300 × 7.8-mm column (BioSep-SEC s4000;
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Phenomenex, Torrance, CA, USA), having an exclusion range of 15 to 1,500 kDa. 250 μl
fractions were collected from 15 to 60 min. Fluorescence was measured at 365nm excitation
and 570nm emission. Absorbance was measured at 280 nm for protein and 340 nm for
NADH. Areas under certain peaks were measured by first drawing a baseline, adding the
microvolt readings from the beginning to the end of the baseline, and subtracting the sum of
the microvolts making up the baseline.

2.6 SDS-PAGE
HPLC protein fractions from pooled peaks were analyzed by SDS-PAGE using a 10% gel
after reduction of disulfides in a 4x SDS gel sample buffer as described previously
(Simpanya et al., 2005). Samples were treated in a water bath at 95°C to 97°C for 5 minutes
and loaded into the wells. The gel was run at a constant current of 20 mA until the
bromophenol blue dye was a few millimeters from the end.

2.7 UVA-irradiation of malic dehydrogenase in vitro
The NADH-binding enzyme malic dehydrogenase (MDH) was irradiated with UVA light in
vitro. MDH (bovine heart, EC 1.1.1.37, catalog #M9004, Sigma-Aldrich, St. Louis, MO,
USA) was first dialyzed overnight against 20 mM sodium phosphate buffer, pH 7.0,
containing 1 mM EDTA, in order to remove ammonium sulfate. The solution was
centrifuged, and a 0.5 ml, 1.6 mg/ml, aliquot was irradiated with 365nm light in an open-top,
plastic 1.5 ml Eppendorf tube, with shaking. Irradiation was conducted from above, striking
the surface of the shaking solution. The irradiation conditions were the same as those for the
in vivo experiments described above (section 2.2), i.e., 100 mW/cm2 of 365 nm light for 1
hr. HPLC analysis of irradiated and non-irradiated samples was conducted as described
above in section 2.5. Fluorescence was measured at 365 nm excitation and 570 nm emission.

3. Results
3.1 UVA-excited lens fluorescence

When rabbits eyes were irradiated in vivo with 365 nm UVA light (100 mW/cm2 on the
cornea) without contact lens protection, a blue fluorescence was observed emanating from
the lens of the eye during the first minute of exposure (Fig. 1A). After about 30 min, the
blue fluorescence had changed to a yellow glow, arising primarily from the center of the
lens, and after 1 hr, the yellow fluorescence had become more intense (Fig. 1B). In separate
experiments, irradiation was conducted for 1 hr with a senofilcon A contact lens in place on
the eye. When the contact lens was removed after 1 hr, and the eye was observed under
UVA light for 1 min, the normal blue fluorescence was found to have been preserved (Fig.
1C). However, repeating the same procedure with use of a lotrafilcon A contact lens
produced abnormal yellow, rather than blue fluorescence (Fig. 1D). When the rabbits of the
study of Fig. 1 were euthanized, and the lenses isolated and then observed under UVA light
(365 nm, 100 mW/cm2), the control lens showed the typical blue fluorescence (Fig. 2A),
whereas the lens that had previously been irradiated in vivo for 1 hour with UVA light in the
absence of a contact lens showed an intense yellow fluorescence emanating from the lens
nucleus (Fig. 2B). Initial Irradiation in the presence of a senofilcon A lens was able to
completely prevent the subsequent UVA-excited yellow fluorescence arising from the lens
nucleus (Fig. 2C), while use of a lotrafilcon A lens had minimal protective effect (Fig. 2D).
A side view photograph of the isolated lens of Fig. 2B confirmed that the UVA-excited
yellow fluorescence emanated from the nucleus of the experimental lens (Fig. 3B), but was
absent in the control (Fig. 3A).

To aid in identifying the source of the observed UVA-excited blue fluorescence of Fig. 1A,
solutions of 1μM NADPH and 1μM NADH in phosphate buffered saline were irradiated
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with 365 nm light (100 mW/cm2). The irradiation produced an immediate intense blue
fluorescence (emission at 470 nm) which lasted for about 10 minutes and then disappeared
(results not shown). The blue fluorescence was not replaced by a yellow fluorescence, as
had been observed when the rabbit eye was irradiated in vivo (Fig. 1B).

3.2 UVA-induced lens yellowing
When lenses were isolated following a 1 hr exposure of rabbit eyes to 100 mW/cm2 of 365
nm UVA light in vivo without a contact lens, the lenses exhibited a distinct pale yellow
color when observed under normal visible light, whereas the contralateral control lenses
were clear (Figures 4A and 4B). The senofilcon A contact lens prevented the formation of
the UVA-induced yellow lens color (Fig. 4C), while the lotrafilcon A lens did not (Fig. 4D).

3.3 UVA-induced effects on lens pyridine nucleotides
The effects of UVA light in vivo on the levels of all four pyridine nucleotides in four
different regions of the rabbit lens were investigated. A 1 hr exposure to 365 nm light
produced a 53% decrease in the level of NADH in the lens nucleus (N), compared to the
contralateral control (Table IA). Irradiation in the presence of a senofilcon A lens
completely prevented this loss of NADH in the nucleus. Levels of NADH in the other three
regions of the lens, including anterior cortex (AC), equatorial cortex (EC) and posterior
cortex (PC), were each affected to a lesser extent (11 to 16% losses), compared to that
observed for the nucleus. Even though NAD+ does not absorb UVA radiation, exposure to
365 nm light for 1 hr was observed to produce a decrease in the level of this nucleotide in
the four regions of the rabbit lens, ranging from 22 to 56% (Table IB). A senofilcon A lens
provided significant protection (77 to 100%) against UVA-induced loss of NAD+ in each of
the affected regions, with protection in the nucleus being at a 93% level. Concentrations of
NADPH decreased by 44 to 62% in the lens AC, EC, N and PC following a 1 hr exposure to
UVA light (Table IC). A senofilcon A lens showed significant protection (50 to 62%) in the
AC, N and PC, but the protection was not significant in the EC. Similar to NAD+, NADP+

also does not absorb UVA light, but nonetheless the concentration of this nucleotide was
substantially decreased in the AC, EC, N and PC (52 to 75%) following a 1 hr UVA
exposure (Table ID). The senofilcon A lens exhibited significant protection (46 to 92%)
against UVA-induced loss of NADP+ in all four lens regions. Overall, the senofilcon A lens
provided an average of 67% protection against UVA-induced loss of the four pyridine
nucleotides in the four regions of the lens. In contrast, the lotrafilcon A lens showed no
significant protection (p>0.1) against the loss of any of the pyridine nucleotides in the four
regions (Table I).

3.4 HPLC analysis of lens nuclear WS proteins
To investigate the source of the UVA-induced yellow fluorescence in the rabbit lens
nucleus, size exclusion HPLC analysis was conducted of the lens nuclear water-soluble
(WS) proteins using a Biosep-SEC S4000 column. The OD 280 protein elution profiles for
the control and UVA-exposed samples were found to be identical (Fig. 5A). Two peaks of
365 nm-induced yellow fluorescence (Peak 1 and Peak 2, Fig. 5B) were observed for both
the control and UVA samples. Peak 1 consisted mainly of α-crystallin while Peak 2
contained λ-crystallin and some low molecular weight β-crystallin (Fig. 6). Surprisingly, the
level of yellow fluorescence for the UVA-exposed λ-crystallin fraction was determined to
be 5.9 +/− 0.3 times higher than that of the control (Fig. 5B, measurement of the areas under
Peak 2 control and experimental, p=0.001), in spite of the fact that the levels of protein for
the control and UVA-exposed λ-crystallin fractions were identical (Fig. 5A).

In an attempt to identify the UVA chromophores present in Peaks 1 and 2 of Fig. 5B, levels
of NADH and NADPH were measured in the HPLC fractions. Peak 1 was found to contain
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only trace levels of NADH and NADPH for both the control and UVA samples (Fig. 7).
Similarly, Peak 2 contained only trace amounts of NADPH for both sets of samples.
However, as expected, the λ-crystallin fraction, Peak 2, contained substantial amounts of
NADH for both control and UVA. There was some indication that the level of NADH might
be higher in the UVA sample, compared to the control, but because of the scatter in the
results, the results were not statistically significant (p>0.1). To confirm that levels of NADH
were no different in the Fig. 5B control and experimental λ-crystallin fractions, OD 340 nm
absorbance was measured for the two fractions (NADH exhibits maximum absorbance at
340 nm). The HPLC elution profiles for lens nuclear WS protein show that the levels of both
protein and OD 340 nm absorbance were identical for the control and experimental λ-
crystallin fractions (Figs. 8A and 8B, respectively).

3.5 HPLC analysis of lens cortical WS proteins
HPLC analysis was also conducted for the lens anterior cortical WS proteins. Similar to the
result for the lens nuclear WS proteins (Fig. 5B), the level of yellow fluorescence for the
UVA-exposed λ-crystallin fraction for the anterior cortex was determined to be 4.4 +/− 0.9
times higher than that of the control (Fig. 9B, measurement of the areas under Peak 2 control
and experimental, p<0.01). The UVA/control increase for the nucleus (5.9 times, Fig. 5B)
was 34% higher than that for the anterior cortex (4.4 times, p<0.05).

3.6 In vitro exposure of malic dehydrogenase to UVA light
Experiments were conducted to determine whether UVA irradiation of the NADH-binding
enzyme malic dehydrogenase (MDH) in vitro would produce an increase in 365 nm-excited
yellow fluorescence, as had been observed for λ-crystallin in vivo (Figs. 5B and 9B). A 1.6
mg/ml solution of MDH was irradiated with 365 nm light under the same conditions used
for the in vivo experiments, and then analyzed by HPLC (see Section 2.7 for details). In
contrast to the in vivo results, in vitro irradiation of NADH bound to the enzyme did not
produce a subsequent increase in 365 nm-excited yellow fluorescence, compared to that
shown by a non-irradiated sample (data not shown).

4. Discussion
4.1 The UVA dose

This study showed that a senofilcon A contact lens was able to protect the lens against a
high dose of UVA light (Figs. 1C, 2C and 4C; Table I). Assuming that absorption of the
incident 100 mW/cm2 of 365 nm light by the rabbit cornea was 30% (Dillon et al., 1999),
the irradiance reaching the lens epithelium, 70 mW/cm2, would have been 70 times the
maximum irradiance of UVA radiation contained in sunlight striking the human lens
(Zigman, 1995). The dose of 365 nm light received by the lens, 252 J/cm2, was comparable
to 70 hrs of sunlight condensed into 1 hr (Zigman, 1995). It is not known what percentage of
this dose was actually absorbed by the lens. The adult rabbit lens nucleus has been reported
to absorb over 10 times the amount of 365 nm light compared to the cortex, indicating the
presence of higher levels of UVA chromophores in the lens interior (Dillon et al., 1999). In
this study, some of the UVA light was evidently able to pass through the lens nucleus since
substantial losses of pyridine nucleotides were observed in the posterior cortex (Table I).

4.2 UVA-excited blue lens fluorescence
The UVA-excited blue fluorescence observed in vivo in Figs. 1A and 1C, and in vitro in
Figs. 2 and 3, has been reported previously for the rabbit lens (Pitts, 1978; Tsubota et al.,
1989), and cultured rabbit lens epithelial cells (Atherton et al., 1999). Based on the in vitro
experiment described in the Results, the fluorescence is apparently due to absorption of 365
nm light by NADPH and NADH. Other researchers have used redox fluorometry to show
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that 99% of the pyridine nucleotide blue fluorescence arising from the rabbit lens is due to
absorption by NADH (Tsubota et al., 1989). The rabbit lens contains unusually high levels
of NADH, four and eight times higher than lenses of the rat and human, respectively (Giblin
and Reddy, 1980), due in part to the presence of NADH bound to λ-crystallin (Bando et al.,
2006). Presumably, the loss of blue fluorescence in the lens nucleus (Figs. 1B, 1D, 2B, 2D
and 3B) was due to UVA-induced photolysis of free NADPH and NADH. Photobleaching
of NADH and NADPH by UVA light has been observed before (Atherton et al., 1999;
Czochralska et al., 1984).

4.3 UVA-excited yellow lens fluorescence
It is possible that the UVA-excited yellow fluorescence observed in the lens after 1 hr of
UVA irradiation (Figs. 1B, 1D, 2B, 2D and 3B) was present from time zero, but became
visible only after the blue fluorescence had disappeared due to photolysis of free NADPH
and NADH. Indeed, HPLC analysis of control lens samples showed a substantial amount of
365 nm-excited yellow fluorescence being emitted by both Peak 1 proteins and the λ-
crystallin fraction (Figs. 5B and 9B). The fact that the yellow fluorescence was visible only
in the lens nucleus, and not the cortex (Figs. 2B, 2D and 3B), may be due to a greater UVA-
induced loss of NADH in the nucleus, compared to the cortex. In support of this idea, UVA-
induced loss of NADH was determined to be 53% in the nucleus, compared to only 13% and
16% in the anterior and posterior cortex, respectively (Table IA).

The appearance of UVA-excited yellow fluorescence in the lens nucleus but not the cortex
(Figs. 2B, 2D and 3B) demonstrates the greater susceptibility of this region to effects of
stress, which may be related to its lower reducing capability. For example, the concentration
of GSH in the rabbit lens nucleus is 5 times lower than that in the cortex (4.6 vs. 22.4 mM)
(Padgaonkar et al., 1989). Greater effects of UVA in the lens nucleus compared to the cortex
have also been shown in a long-term guinea pig in vivo model (Giblin et al., 2002). Rabbit
lenses treated in vitro with elevated levels of oxygen also exhibit initial oxidative effects in
the nucleus, prior to the effects being observed in the cortex (Giblin et al., 1988; Padgaonkar
et al., 1989). These results may have relevance to possible roles for UVA light and oxygen
in the formation of human maturity-onset nuclear cataract. One other study that we are
aware of showed that exposure of rabbit lenses to a low level of UVA light in vivo produced
a significant increase in autofluorescence at wavelengths between 530 and 600 nm; the
authors concluded that low intensity UVA exposure to the human lens should be avoided
(Van Vreeswijk et al., 1993).

4.4 UVA-induced lens yellowing
It is not clear what may have caused the UVA-induced pale yellow color of the rabbit lenses
seen in Figs. 4B and 4D, or whether the color is associated with the yellow fluorescence that
was observed. Lenses of guinea pigs housed under a low level of UVA light for 15 months
also developed a yellow color (Bergauer, 1991). Age-related yellowing of human lenses
may be linked with formation of ascorbic acid oxidation products (Cheng et al., 2001; Fan et
al., 2006) and/or the presence of soluble and protein-bound kynurenine compounds (Hood et
al., 1999). It has recently been shown that incubation of lens proteins with ascorbic acid in
the presence of UVA light can generate damaging UVA chromophores (Avila et al., 2010).
Although rabbit lenses contain mM levels of ascorbic acid (Matsuda et al., 1981), they
possess only μM levels of kynurenine and 3-hydroxykynurenine (Chiarugi et al., 1999).

4.5 UVA-induced loss of lens pyridine nucleotides
To our knowledge, this is the first study to investigate UVA-induced effects on lens pyridine
nucleotide levels using an in vivo animal model. The results (Table I) demonstrate the
susceptibility of these vital lens molecules to UVA-induced photolysis throughout the tissue.
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For NADH, the loss was particularly evident in the nucleus (53%, compared to only 13% in
the anterior cortex; Table IA), whereas for NADPH, the loss was roughly 50% in each of the
four regions analyzed (Table IC). It was surprising that levels of NAD+ and NADP+ were
affected to a greater extent overall than those for NADH and NADPH (Table I), even though
oxidized nucleotides do not absorb UVA light. Apparently, NADH and NADPH were not
oxidized to NAD+ and NADP+, respectively, by 365 nm light in this in vivo study, as they
have been shown to be in previous in vitro investigations (Czochralska et al., 1990;
Czochralska et al., 1984). In the present study, reduced pyridine nucleotides may have been
degraded to ADP-ribose and nicotinamide by the UVA light, and the oxidized nucleotides
then depleted during regeneration of NADH and NADPH. It is known that active species of
oxygen can hydrolyze pyridine nucleotides to ADP-ribose and nicotinamide (Tavazzi et al.,
2000), and that absorption of UVA light by pyridine nucleotides can generate both H2O2
and superoxide anion (Cunningham et al., 1985; Czochralska et al., 1990; Czochralska et al.,
1984). However, it is not clear whether these processes could have taken place in the current
study since the partial pressure of oxygen in the center of the normal rabbit lens is very low,
about 2 mm Hg (Giblin et al., 2009). Near UV irradiation of NADH under oxygen-poor
conditions has been shown to generate adenosine 5′-diphosphoribose plus a second
compound, possibly nicotinamide (Vitinius et al., 2004).

4.6 Protection by the senofilcon A contact lens
The senofilcon A contact lens provided an overall average of 67% protection against UVA-
induced loss of four pyridine nucleotides in four regions of the rabbit lens (Table I).
Exceptional protection was observed for NADH and NAD+ in the nucleus (100% and 93%,
respectively). Complete protection for all regions of the lens was not obtained since the
senofilcon A lens absorbs approximately 90% of incident UVA light, not 100%. In addition,
the high irradiance of 365 nm light (70 mW/cm2 reaching the lens) used in the study must
also be taken into consideration. The lotrafilcon A contact lens which absorbs only 15% of
incident UVA light provided no significant protection against loss of pyridine nucleotides.
We believe this to be the first study to demonstrate the ability of a UV-absorbing contact
lens to protect against UVA-induced loss of lens pyridine nucleotides in vivo (Table 1), as
well as changes in UVA-excited lens fluorescence (Fig. 1C and 2C), and lens yellowing
(Fig. 4C). However, a previous study was able to show that a UV-absorbing tefilcon contact
lens could prevent lens yellowing in guinea pigs exposed to a low UVA irradiance over a 15
month period (Bergauer, 1991).

4.7 HPLC fluorescence analysis
Substantial amounts of UVA-excited yellow fluorescence were observed for proteins present
in both the control and experimental nuclear and anterior cortical HPLC fractions of Figs.
5B and 9B. For both the nucleus and cortex, the α-crystallin and λ-crystallin fractions each
showed significant peaks of fluorescence. High molecular weight (HMW) fractions for the
lens nucleus (Fig. 5B, 20–25 min elution time) exhibited substantially more fluorescence
than the same fractions for the cortex (Fig. 9B, 20–25 min elution time). Protein
fluorescence in old human lenses has also been shown to be localized mainly in the nucleus,
which contains more water-insoluble protein than the cortex (Bando et al., 1976). The only
protein found to be associated with either NADH or NADPH as the UVA chromophore was
λ-crystallin, as a result of its bound NADH (Fig. 7). UVA chromophores associated with the
α-crystallin and HMW fractions of Figs. 5B and 9B are not known.

It was surprising that levels of UVA-excited yellow fluorescence were significantly higher
for the UVA-exposed λ-crystallin fractions, compared to the controls, for both the nucleus
(Fig. 5B) and anterior cortex (Fig 9B), despite identical levels of control and UVA-exposed
protein and NADH (Figs. 5A and 9A, and Fig. 7, respectively). A possible explanation for
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this is that the initial 1 hr in vivo exposure to UVA irradiation may have altered the
conformation of the λ-crystallin such that subsequent exposure to 365 nm light (during
HPLC separation) produced significantly more yellow fluorescence compared to that for the
control unexposed protein. UVA-excitation of bound NADH of λ-crystallin, coupled with
energy or electron transfer through the protein, may have oxidized tryptophan or tyrosine
residues, causing a change in conformation (Pattison et al., 2012). It was of interest that the
phenomenon occurred in the anterior cortex (Fig. 9B), as well as the nucleus (Fig. 5B), even
though the intact lens anterior cortex did not exhibit UVA-excited yellow fluorescence (Fig.
3B). This suggests that any change in conformation of the λ-crystallin would have been
independent of overall loss of NADH, which was only 13% in the anterior cortex, compared
to 53% in the nucleus (Table 1).

Experiments in which the NADH-binding enzyme MDH was irradiated with UVA light in
vitro (section 3.6) were unsuccessful in producing the increase in 365 nm-excited yellow
fluorescence that was observed for UVA-irradiation of λ-crystallin in vivo (Figs. 5B and
9B). It may be that the three-dimensional structure of the highly concentrated mixture of
proteins in the intact lens may be required during UVA-irradiation in order to obtain a
subsequent effect on 365 nm-excited fluorescence. Other researchers investigating UVA-
induced effects on lens proteins have found distinct differences in results for intact lenses,
compared to lens supernatants, possibly because of variation in protein concentration, O2
level, antioxidant defenses, etc. (Kessel et al., 2005; Ortwerth et al., 2002)

5. Conclusions
An in vivo rabbit model has been used to investigate UVA-induced effects on the lens. A
UV-absorbing senofilcon A contact lens was found to prevent most UVA-induced effects,
including subsequent UVA-excited yellow fluorescence in the intact lens nucleus, lens
yellowing and substantial losses of NADH and NAD+ in the lens nucleus. A minimally UV-
absorbing lotrafilcon A contact lens showed no significant protective effects. Increases in
UVA-excited fluorescence and lens yellowing are known effects occurring in the aging
human lens (Balasubramanian, 2005; Jacobs and Krohn, 1976; Lerman et al., 1978; Weale,
1985, 1988; Zigman, 1985). It is concluded that use of a senofilcon A contact lens may be
beneficial for protecting the ocular lens against effects of UVA light contained in sunlight,
including aging of the lens nucleus.
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Highlights

Rabbit eyes were irradiated with 365 nm light (100mW/cm2) in vivo for 1 hr.

Isolated lenses under 365 nm light showed yellow fluorescence from the nucleus.

UVA-exposed lens λ-crystallin showed 6-fold higher yellow fluorescence than
control.

The UVA caused 53% loss of NADH in the lens nucleus and 13% in the cortex.

A senofilcon A contact lens prevented UVA effects on lens fluorescence and NADH.
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Figure 1.
Photography taken during exposure of a rabbit eye to UVA radiation in vivo (365 nm, 100
mW/cm2 on the cornea). A. No contact lens; after 1 min of irradiation, B. No contact lens;
after 1 hour of irradiation, C. senofilcon A lens; 1 hour of irradiation with the contact lens,
followed by removal of the contact lens, continuation of irradiation for 1 min and
photography, D. lotrafilcon A lens; 1 hour of irradiation with the contact lens, followed by
removal of the contact lens, continuation of irradiation for 1 min and photography.
Representative of 3–6 experiments.
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Figure 2.
Photography taken during exposure of isolated rabbit lenses of Figure 1 to UVA light (365
nm, 100 mW/cm2). A. Normal lens, B. Prior exposure for 1 hr in vivo with no contact lens
(Fig. 1B), C. Prior exposure for 1 hr in vivo with a senofilcon A lens (Fig. 1C), D. Prior
exposure for 1 hr in vivo with a lotrafilcon A lens (Fig. 1D). Representative of 3–6
experiments.
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Figure 3.
Side view photographs taken during exposure of the isolated rabbit lenses of Figure 2(A and
B) to UVA light (365 nm, 100 mW/cm2). A. Normal lens (Fig. 2A), B. Prior exposure for 1
hr in vivo with no contact lens (Figs. 2B). Representative of 3–6 experiments.
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Figure 4.
Photographs of rabbit lenses in phosphate buffered saline following a 1 hour in vivo
exposure of rabbit eyes to UVA radiation (365 nm, 100 mW/cm2), with and without contact
lens protection. A. Normal lens, B. No contact lens. C. senofilcon A lens, D. lotrafilcon A
lens. Representative of 3–6 experiments.
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Figure 5.
HPLC profiles of rabbit lens nuclear proteins and fluorescence following a 1 hr in vivo
exposure of the eye to UVA light (365 nm, 100 mW/cm2). A BioSep-SEC-s4000 column
was employed. A. Protein (OD 280nm), B. Fluorescence, excitation: 365nm, emission:
570nm. Representative of 3 experiments. Note: The area under the experimental λ-crystallin
fluorescence peak is 5.9 +/− 0.3 × greater than that for the control (p=0.001).
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Figure 6.
SDS-PAGE analysis of Peaks 1 and 2 of Fig. 5. UVA and control (C).
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Figure 7.
NADH and NADPH levels in Peaks 1 and 2 of Fig. 5. Control (open bars) and UVA (solid
bars). Results are expressed as means +/− S.D. for 3 experiments. Note: NADH levels for
Peak 2, control and UVA, were not significantly different (p>0.1).
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Figure 8.
HPLC profiles of rabbit lens nuclear proteins and OD 340 nm following a 1 hr in vivo
exposure of the eye to UVA light (365 nm, 100 mW/cm2). A BioSep-SEC-s4000 column
was employed. A. Protein (OD 280 nm), B. OD 340 nm. Representative of 3 experiments.
Note: OD 340 nm values for the control and UVA λ-crystallin fractions are nearly identical,
indicating no differences in bound NADH levels.
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Figure 9.
HPLC profiles of rabbit lens cortical proteins and fluorescence following a 1 hr in vivo
exposure of the eye to UVA light (365 nm, 100 mW/cm2). A BioSep-SEC-s4000 column
was employed. A. Protein (OD 280nm), B. Fluorescence, excitation: 365nm, emission:
570nm. Representative of 3 experiments. Note: The area under the experimental λ-crystallin
fluorescence peak is 4.4 +/− 0.9 × greater than that for the control (p<0.01).
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