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Abstract

Rod and cone photoreceptors in the retina mediate dim light and daylight vision, respectively. Despite their distinctive functions,
rod and cone visual pigments utilize the same vitamin A-derived chromophore. To sustain vision, vitamin A precursors must be
acquired in the gut, metabolized, and distributed to the eyes. Deficiencies in this pathway in inherited ocular disease states deplete
cone photoreceptors from chromophore and eventually lead to cell death, whereas the more abundant rod photoreceptors are less
affected. However, pathways that support cone function and survival under such conditions are largely unknown. Using biochemical,
histological, and physiological approaches, we herein show that intervention with β-carotene in STRA6-deficient mice improved
chromophore supply to cone photoreceptors. Relieving the inherent negative feedback regulation of β-carotene oxygenase-1 activity
in the intestine by genetic means further bolstered cone photoreceptor functioning in the STRA6-deficient eyes. A vitamin A-rich diet,
however, did not improve cone photoreceptor function in STRA6-deficiency. We provide evidence that the beneficial effect of β-carotene
on cones results from favorable serum kinetics of retinyl esters in lipoproteins. The respective alterations in lipoprotein metabolism
maintained a steady supply of retinoids to the STRA6-deficient eyes, which ameliorated the competition for chromophore between rod
and cone photoreceptors. Together, our study elucidates a cone photoreceptor-survival pathway and unravels an unexpected metabolic
connection between the gut and the retina.

Introduction
Visual perception in mammals relies on two types of photore-
ceptors, with a marked rod or cone-like morphology, existing in
the retina (1). Rods are exquisitely sensitive at dim light (sco-
topic) conditions, whereas cones are critical for color vision under
daylight (photopic) conditions (2). Both photoreceptors are distin-
guished by function, yet they depend on the same vitamin A-
derived chromophore (11-cis-retinal, 11-cis-RAL) for phototrans-
duction (3). Upon light absorption by cone and rod visual pig-
ments, the protein-bound chromophore undergoes a cis-to-trans
isomerization. The inherent structural change of rod and cone
visual pigments triggers G protein-coupled signaling cascades,
thereby transducing light to a neuronal signal (4).

The eyes must be supplied with vitamin A for chromophore
production and regeneration in the retinal pigment epithelium
(RPE) (5). Mammals acquire vitamin A precursors in the intestine
and metabolically convert them into retinyl esters (REs) (6). REs
circulate in lipoproteins, and the RPE acquires them in a lipopro-
tein lipase (LPL) dependent manner (7). The liver stores dietary
vitamin A and secretes retinol (ROL) bound to the serum retinol
binding protein (RBP) (8). The RPE expresses a specific RBP receptor
facilitating the uptake of ROL from holo-RBP (9) which is encoded
by the stimulated by retinoic acid 6 (Stra6) gene (10). Lecithin:
retinol-acyltransferase (LRAT) subsequently esterifies ROL to REs
(11,12). The RPE protein of 65 kDa (RPE65) converts REs to 11-cis-
ROL, and RAL dehydrogenase 5 (RDH5) oxidizes 11-cis-ROL to the
chromophore (13).

Mutations in the genes encoding proteins of ocular retinoid
metabolism are associated with a wide range of ocular disease
states ranging from complex microphthalmic syndromes to vari-
ous forms of rod-cone dystrophies (14). Humans with mutations
in the STRA6 gene develop Matthew–Wood syndrome with severe
microphthalmia (15). Mice with null mutations in Stra6 (Stra6−/−)
develop normal eyes, but ocular vitamin A uptake homeostasis is
impaired (16). At a young age, Stra6−/− mice possess significantly
lower ocular retinoid concentrations than age-matched wild-type
(WT) mice (17). During adolescence, a constant dietary supply
with vitamin A increases retinoid concentrations and improves
rod functions in the eyes of these mice (18,19). However, the less
abundant and unstable cone pigments suffer from chromophore
deficiency, and cone function does not recover during aging (19).
Similarly, mice with mutations in downstream components of
the chromophore production pathway, such as the RPE65 R91W
mutant, display mislocalized and dysfunctional cone visual pig-
ments (20,21). The lack of chromophore eventually results in cone
cell death and retinal degeneration (22).

A major source of vitamin A in the diet is plant-derived β-
carotene (BC) (23). BC is converted to two molecules of retinal
(RAL) by the enzyme β-carotene oxygenase-1 (BCO1) (24,25). In
clinical trials, dietary BC supplementation with algal preparation
presented with beneficial outcomes in patients suffering from
retinitis pigmentosa (26,27). Notably, genetic polymorphisms in
the BCO1 gene are associated with macula pigment density and
the risk of age-related macular degeneration (28,29), the most
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prevalent cone photoreceptor disease (30). Therefore, we sought
to study the effects of BC metabolism on cone photoreceptors
in biochemical detail using mouse models with impaired cone
photoreceptor function.

For this purpose, we took advantage of recently established
Stra6−/−, Isx−/− and Stra6−/−; Isx−/− (DKO) mouse lines (31).
Intestine-specific homeodomain transcription factor (ISX) is
a transcription factor that mediates the inherent feedback
mechanism controlling BCO1 activity in enterocytes of the
intestine (32). Compared with WT mice, Isx−/− and DKO mice
absorb significantly more BC from the diet and convert it to REs
(33). Thus, we analyzed retinal physiology and morphology in
these mouse lines under different supply conditions. Our study
demonstrated an overall beneficial effect of BC supplementation
on retinal physiology. Particularly, BC promoted cone visual
pigment maturation and photopic responses in the STRA6-
deficient eyes. Our data revealed that differences in serum
kinetics of preformed versus BC-derived REs were responsible
for the observed rescue of cone photoreceptor function.

Results
Influence of Isx and Stra6 mutations on retinoid
biochemistry
We used WT, Isx−/− (34), Stra6−/− (16) and the corresponding Isx−/−;
Stra6−/− (DKO) (31) double knockout mouse lines in the study.
All groups of mice had equal numbers and were on the same
C57BL/6 J genetic background. Mice were bred and raised on a
vitamin A-rich breeder diet. At the age of 4 weeks, littermates were
separated into two groups and subjected to feeding with vitamin A
sufficiency (VAS) or BC diet. After 8 weeks of intervention with the
two diets, mice were sacrificed in the morning to minimize influ-
ences related to circadian rhythmicity (Fig. 1A). For both dietary
conditions, we referred to WT as the baseline. We first deter-
mined retinoid concentrations in the serum of different mouse
lines (Fig. 1 and Supplementary Material, Fig. S1). Eliminating ISX
increases BC absorption and conversion (Fig. 1B), and this affected
the serum retinoid profile. In a fed state, serum retinol levels
remained steady, but REs also existed in Isx−/− mice on a BC diet
(Fig. 1C and D). The loss of the Stra6 gene slightly increased the
serum concentration of ROL in Stra6−/− mice (Fig. 1C). DKO mice
reflected both the Stra6 and Isx phenotypes, as demonstrated by
increased ROL levels under both dietary conditions and increased
RE on BC diet (Fig. 1C and D).

The changes in serum retinoid concentrations associated with
the Isx mutation had no effect on ocular vitamin A uptake home-
ostasis. Isx−/− mice displayed similar ocular retinoid concentra-
tions as WT mice (Fig. 1E). In contrast, STRA6 was a strong deter-
minant of ocular retinoid homeostasis. Consistent with its role as
a vitamin A transporter, STRA6 deficiency caused a sharp decline
in ocular retinoid concentration under each dietary condition,
except for DKO mice which displayed 3-fold increased ocular
retinoid concentration compared to Stra6−/− mice on a BC diet
(Fig. 1E).

Retinal morphology of mouse lines
Chromophore deficiency promotes retinal pathologies and is
associated with retinal degenerative phenotypes such as Leber
congenital amaurosis (35,36) and retinitis pigmentosa (37,38).
Thus, we examined retinal morphology of the different mouse
lines using optical coherence tomography (OCT), scanning laser
ophthalmoscopy (SLO), histological analyses and morphometry

(Fig. 1 and Supplementary Material, Fig. S2). The OCT analyses
revealed a normal stratification of the different retinal layers
in all mouse lines. Similarly, no morphological alterations were
detectable between different genotypes and dietary conditions
(Fig. 1G). SLO analyses of Stra6−/− mice revealed bright fluorescent
spots in the ventral retina that were not observed in WT and Isx−/−

control mice (Fig. 1H). Notably, these spots were also present
in DKO mice on VAS diet but were largely absent on BC diet.
These spots are characteristic for the activation of microglia
and macrophages that migrate to the retina to clear dying
retinal cells (39,40). Therefore, we also performed histological
analysis of the retinas of different mouse lines, and represen-
tative pictures are shown in Supplementary Material, Figure S2.
Counting of the photoreceptor nuclei in the outer nuclear layer
of the different mouse lines revealed comparable numbers
(Supplementary Material, Fig. S2C), which indicates that the
fluorescent spots were not associated with photoreceptor
degeneration at this age.

BC improves photopic ERG responses in
STRA6-deficient eyes
Genotype- and diet-induced changes in visual function were
assessed by performing full-field electroretinography (ERG) to
record electrical responses of photoreceptors to a light stimulus
(41,42) (Fig. 2). Rod-driven scotopic responses (a and b wave ampli-
tudes) were measured in dark-adapted eyes. Across different light
intensities, scotopic responses were comparable between WT and
Isx−/− mice irrespective of diet (Fig. 2A and C). Similarly, cone-
dependent photopic responses (b-wave), measured after light
adaptation, were largely indistinguishable between these two
groups of mice (Fig. 2B and D).

There was a significant reduction in a- and b-wave ampli-
tudes in Stra6−/− and DKO mice on VAS diet compared with
WT and Isx−/− mice. With increasing stimulus intensity, scotopic
(Fig. 2E and G) and photopic (Fig. 2F and H) responses were highly
dampened. Following BC supplementation, scotopic responses
remain-reduced in Stra6−/− mice. Improved photopic responses
were noted in the same mice where the ERG b-wave increased in
amplitude. On BC diet, DKO mice exhibited significant recovery
not only of dark-adapted but also light-adapted ERG responses
(Fig. 2G and H).

BC but not preformed vitamin A improves
photopic ERG responses in DKO mice
As described before, we observed a remarkable improvement
of ERG responses in DKO mice upon feeding with BC. Notably,
DKO mice supplemented with BC were not associated with
the occurrence of 9-cis-RAL, precluding it as a major factor in
recovery (Fig. 1F). To further investigate whether this rescue
was dependent on BC, we supplied DKO mice with high doses
of preformed vitamin A. Adhering to the same regimen of 8
weeks, DKO mice were raised on a chow diet. The standard
mouse chow contains around 4-fold higher amounts of vitamin
A than the VAS diet (15 vs. 4 IU per gram). As observed in
DKO mice raised on a BC diet, the ocular retinoid concen-
trations of chow-fed DKO mice were about 400 pmol per eye
(Supplementary Material, Fig. S3A). Accompanying this increase
was a modest improvement in scotopic ERG responses (a-
and b-wave) (Supplementary Material, Fig. S3B and D). However,
chow diet did not improve photopic responses in DKO mice
as BC diet did in their littermates, as displayed by the damp-
ened b-wave amplitudes in ERG recordings (Fig. 2F and H and
Supplementary Material, Fig. S3C and E).
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Figure 1. Characterization of mouse models. (A) After weaning (4 weeks), four groups of mice (WT, Isx−/−, Stra6−/−, DKO) were fed a diet that was
supplemented with either preformed vitamin A (4000 IU/kg; VAS) or β-carotene (25 mg/kg; BC) for 8 weeks. (B) ISX represses expression of Bco1 and
Scarb1. Knocking out Isx results in increased BC conversion and absorption. At the end of the dietary intervention, serum (C, D) and ocular (E) retinoid
concentrations were determined by HPLC. (F) Representative HPLC trace from dark-adapted eyes of DKO mice fed BC. The structure of the retina was
examined, and the representative OCT (G) and SLO (H) images were collected. The circles mark regions with autofluorescent spots. 1: 11-cis-retinal-oxime
(syn); 2: all-trans-retinal-oxime (syn); 3: 11-cis-retinal-oxime (anti); Isx: Intestine-specific homeobox transcription factor; Bco1: β-carotene oxygenase 1;
Scarb1: scavenger receptor class B member 1; RE: retinyl esters; ROL: retinol. n.d.: not detected. ∗ P < 0.05 between genotype; # P < 0.05 VAS versus BC,
within genotype.

BC diet recovers cone opsin expression in the
STRA6-deficient eyes
Rod and cone photoreceptors express specific opsins, rhodopsin
(encoded by Rho gene) in rods, and M-opsin (encoded by the
Opn1mw gene) and S-opsin (encoded by the Opn1sw gene) in cones

(43). We determined the mRNA expression levels of the respective
genes in the eyes of the different mouse lines. We observed
no effects of the Isx mutation on Rho expression. In contrast,
mRNA levels in Stra6−/− and DKO mice were ∼ 50% compared to
that of age-matched WT mice on VAS diet (Fig. 3A). We obtained
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Figure 2. Measuring impact of diet and genotype on visual function. ERG was performed on all groups of mice maintained on either VAS or BC diets for
8 weeks. Scotopic responses were recorded after a 16 h dark adaptation. Photopic responses were collected after a 7 min light adaptation. ISX deficiency
did not impact retina function. The representative dark-adapted traces (A) and (C) mean (±SD) a-wave and b-wave amplitudes as well as light-adapted
traces (B) and (D) mean (±SD) b-wave amplitude from WT and Isx−/− mice. Stra6−/− mice have significantly reduced visual responses. The representative
dark-adapted traces (E) and (G) mean (±SD) a-wave and b-wave amplitudes as well as light-adapted traces (F) and (H) mean (±SD) b-wave amplitude
from Stra6−/− and DKO mice.

comparable results with ocular RNA preparation of the differ-
ent mouse lines subjected to BC diet feeding. However, con-
sistent with the increased ocular retinoid concentrations, Rho
mRNA expression increased in DKO mice under this diet (Fig. 3A).
Additionally, we analyzed the expression of G protein subunit
alpha transducin 1 (Gnat1) which is integral, specifically, to rod

specific components of phototransduction (Fig. 4A). The expres-
sion of Gnat1 mirrored the expression of the Rho gene. Based
on the immunostaining of the retinal sections, Rhodopsin pro-
tein was detected in all analyzed retinas, though the staining
appeared to be lower in Stra6−/− and DKO mice than in WT mice
(Fig. 3D–G).
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Figure 3. Rod and cone opsin expression. Rhodopsin (A), Opn1mw (B) and Opn1sw (C) gene expression was determined by quantitative RT-PCR. Values
(mean ± SD) were normalized to β-actin. Representative retinal cross sections with Rhodopsin and M-opsin immunolabeling (D,D’–G,G’ and H,H’–K,K’).
Scale bar indicates 25 μm. ∗ P < 0.05 between genotype on the same diet by one-way ANOVA analysis. $ P < 0.05 between Stra6−/− and DKO mice on the
BC diet by unpaired t-test.

The expression levels of Opn1mw and Opn1sw, encoding respec-
tively M- and S-opsin, were lower in Stra6−/− and DKO mice than in
WT and Isx−/− mice under both dietary conditions (Fig. 3B and C).
Notably, BC diet feeding increased Opn1mw mRNA in DKO mice
(Fig. 3B). Again, the Isx genotype alone had no effect on the
expression levels of the cone opsins. The expression of Gnat2
mRNA, encoding a key component of the cone phototransduc-
tion cascade, resembled this expression pattern with a signifi-
cant increase in DKO mice subjected to BC diet feeding (Fig. 4B).
Accordingly, staining for M-opsin was barely detectable in retinal
sections of Stra6−/− mice and DKO mice on VAS diet. In contrast,
significant staining for the M-cone opsin became detectable in
Stra6−/− mice and DKO mice on BC diet (Fig. 3H–K). To exclude
that retinal sectioning affected the evaluation of the expression
of M-cone opsin, we repeated the staining in whole mount retinas
from different mouse lines and dietary conditions. As depicted in
Supplementary Material, Figure S4, the results recapitulated the
outcomes from the analyses in retinal sections. WT and Isx−/−

mice showed strong staining of M-opsin independent of the diet.
The dietary intervention had a significant effect in Stra6−/− and
DKO mice. Although M-opsin staining was barely detectable on
VAS diet, we observed staining for M-opsin in retinas of mice
subjected to BC diet that was particularly strong in DKO mice.

BC diet affects serum RE kinetics and ocular Lpl
expression
We noted a beneficial effect of BC feeding on the physiology
of the Stra6−/− and DKO mice retinas. Gene expression of pro-
teins involved in ocular retinoid metabolism within the RPE,
Lrat and Rpe65, remained largely unaffected by diet or genotype

(Fig. 4C and D) (11,44). It has been previously reported that BCO1
is expressed at high levels in the RPE of the human eyes (45,46).
To examine whether the beneficial effect of BC supplementa-
tion results from an eye-specific conversion of BC to retinoids,
we performed quantitative real-time PCR (qRT-PCR) analysis for
genes encoding scavenger receptor class B type 1 (SR-B1) which
facilitates the uptake of carotenoids (47) and BCO1 which converts
BC to RAL (24). On VAS diet, the expression of the two genes
was comparable in the eyes of all mouse lines. Markedly, Bco1
mRNA levels were very low and displayed a Ct value >30 in
ocular RNA preparation, suggesting that the gene is expressed at
marginal levels or in very few cell types on the eyes (Fig. 5A). On
BC diet, the expression levels remained extremely low for Bco1
in all genotypes, but there was a significant increase in Scarb1
mRNA levels in Isx−/− mice but not in the DKO mice (Fig. 5A and B).
Since no BC was detectable in the eyes or serum and ocular Bco1
expression was very low, we rather exclude that an eye-specific
conversion contributed to the improvement.

We next examined the expression levels of genes involved
in vitamin A uptake from RBP or lipoproteins in the eye. Stra6
mRNA expression was comparable in WT and Isx−/− mice and
not detectable in Stra6−/− and DKO mice (Fig. 5C). The mRNA
levels of LPL, which is involved in ROL uptake from circulating
lipoproteins, were comparable on VAS diet (7,48). Interestingly, Lpl
mRNA expression was higher in DKO mice fed BC diet than in
other mouse genotypes (Fig. 5D).

In consideration of the role LPL has in acquiring vitamin A from
circulating lipoproteins and of previous reports that BC affects
lipoprotein metabolism and vitamin A transport, we considered
whether BC influences intestinal lipoprotein metabolism (48–50).
Prior to being incorporated into chylomicrons, vitamin A is

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data
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Figure 4. Expression of visual cycle and phototransduction genes. Quantitative RT-PCR analysis of rod (A) and cone (B) specific transducin alpha subunits.
Gene expression of visual cycle genes Lrat (C) and Rpe65 (D). Values (mean ± SD) were normalized to β-actin. ∗ P < 0.05 between genotype on the same
diet by one-way ANOVA analysis. $ P < 0.05 between Stra6−/− and DKO mice on the BC diet by unpaired t-test.

esterified by the endoplasmic reticulum resident enzyme LRAT
(51). Lrat mRNA expression was more than 4-fold increased
DKO mice on BC diet when compared with WT mice (Fig. 5E).
Chylomicron assembly is critically dependent on apo-lipoprotein
B (ApoB) and the chaperone microsomal triglyceride transfer
protein (MTP). qRT-PCR analysis with RNA preparations of
jejunum revealed a significant increase of Mttp expression in BC
fed DKO mice (Fig. 5F). Apob followed a similar trend though the
difference was not significant (Fig. 5G). Thus, altered expression
of genes associated with lipoprotein metabolism on BC diet may
well contribute to the high levels of serum RE in the fed state
(Fig. 1D). To analyze whether RE also exists in the postprandial
circulation, we determined serum RE in starved DKO mice. As
shown in Supplementary Material, Figure S5, significant amounts
of RE were present in the postprandial circulation of these mice.

The effect of BC on retinal physiology is light
independent
We next examined the role of putative light-dependent forma-
tion of chromophore for cone photoreceptors. To analyze the

contribution of these retinal G protein-coupled receptor (RGR)-
dependent pathways for chromophore production (52,53), we
reared WT, Stra6−/−, and DKO mice on VAS or BC diet in darkness.
After 8 weeks, we measured scotopic and photopic responses
of the retina of these mice (Supplementary Material, Fig. S6). On
VAS diet, the ERG responses were significantly lower in Stra6−/−

and DKO mice under both scotopic and photopic conditions
(Supplementary Material, Fig. S6A and B). BC feeding increased
scotopic responses of DKO mice more than that of Stra6−/− mice
(Supplementary Material, Fig. S6C). Photopic responses in DKO
mice again reached WT levels (Supplementary Material, Fig. S6D),
indicating their improvement was not light-dependent.

BC feeding increases the concentration of
liganded opsin in DKO mice
Previously, we reported that STRA6-deficient eyes display signif-
icant amounts of unliganded opsins even when supplemented
with a vitamin A-rich diet during adolescence (19). It is widely
accepted that unliganded opsin activates the phototransduction
cascade even in darkness (36). Constitutive activity of unliganded

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data


804 | Human Molecular Genetics, 2023, Vol. 32, No. 5

Figure 5. Expression of vitamin A uptake and metabolism-related genes. Gene expression analyses were performed in ocular tissues (A–D) and small
intestine (E–G) after VAS or BC supplementation. Raw Bco1 CT values (A) and Scarb1 (B), Stra6 (C), and Lpl (D) expression in the eyes. Lrat (E), Mttp (F),
and Apob (G) expression in the jejunum. Relative expression (mean ± SD) represent values normalized to β-actin. n.d.: not detected. ∗ P < 0.05 between
genotype on the same diet. $ P < 0.05 between WT and Isx−/− mice on the BC diet by unpaired t-test.

rod opsin is equivalent to that of background light and results
in a concurrent reduction in phototransduction gain. To deter-
mine the amount of unliganded opsins in photoreceptors of DKO
mice, we supplemented dark-adapted DKO and WT mice with the
chromophore 9-cis-RAL (Fig. 6A). This chromophore surrogate can
occupy the binding pocket of unliganded rod and cone opsins, and
its ocular accumulation is a measure for the presence of unli-
ganded opsins in photoreceptor cells. Following supplementation,

we detected significant amounts of 9-cis-RAL in HPLC analysis of
the eyes of DKO mice on VAS diet (Fig. 6B). Small amounts of 9-
cis-RAL were detected in DKO mice on BC diet and in WT mice
raised under both dietary conditions, indicating that the large
majority of opsin existed in the liganded form in dark-adapted
eyes of these mice (Fig. 6B and C). Thus, BC feeding rescued the
imbalances between opsin expression and chromophore levels
brought up by mutations in the Stra6 gene in DKO mice. This
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Figure 6. BC-supplemented DKO mice possess lower levels of free unliganded opsin. Mice, supplemented with vitamin A sufficient or β-carotene diet,
were injected with 9-cis-RAL intraperitoneally twice (24 h interval) after dark adaptation (A). Representative HPLC trace and spectrum of 9-cis-RAL
oxime peak (B). Quantification of 9-cis-RAL content (C). 1: retinyl esters; 2: 11-cis-retinal-oxime (syn); 3: all-trans-retinal-oxime (syn); 4: 9-cis-retinal; 5:
11-cis-retinal-oxime (anti). ∗ P < 0.05 between genotype on the same diet; # P < 0.05 VAS versus BC, within genotype.

observation accounted for the significant improved scotopic and
photopic ERG responses of this mouse line on BC diet.

Discussion
To establish and sustain vision, dietary retinoid precursors are
absorbed in the intestine, transported in the body, taken up by
cells of the RPE, and metabolized to chromophore (5). Ocular dis-
ease states ranging from nutritional vitamin A deficiency to vari-
ous forms of inherited retinal dystrophies are associated with this
pathway (14). Mouse models for such diseases are characterized
by cone photoreceptors that are depleted of chromophore (20).
This chromophore deficiency causes oxidative stress and eventu-
ally cone photoreceptor cell death that can culminate in vision
loss (22). We here observed that supplementation with BC had
a favorable effect on cone photoreceptor biology in mice suffer-
ing from impaired ocular vitamin A uptake homeostasis. Retinal
function of these mice was further improved when the inherent
negative feedback control of BC absorption and metabolism at
the intestine was genetically abolished through Isx gene knock-
out (32,54). ISX is a homeodomain transcription factor that, in
response to retinoic acid signaling, suppresses the expression of
the Scarb1 and Bco1 gene in enterocytes of the intestine (32,55).
This control mechanism is particularly stringent in mice where
the large majority of BC is converted to retinoids in enterocytes
of the intestine (55). Humans absorb significantly more BC, and
the human circulation displays significant higher amounts of the
provitamin than rodents (56). BC supplementation increased the
ocular concentrations of retinoids in DKO mice (Fig. 1E). More
importantly, this was complemented with an overall beneficial
effect on cone photoreceptor function (Fig. 2). The expression lev-
els of genes encoding the M- and S-cone opsins were augmented
compared with that of mice supplemented with preformed vita-
min A alone. The Gnat2 gene followed a similar trend, and this
improvement was accompanied by the occurrence of mature

cone pigments in the retinas of BC supplemented Stra6−/− and
DKO mice (Figs 3 and 4). The latter conclusion stemmed from
immunohistochemically staining for M-opsin in these mice as
well as from measurable ERG responses to light under photopic
conditions. The improvement of the photopic responses, which
was dependent on BC diet, was observed in both Stra6−/− and
DKO mice. Remarkably, the analyses in DKO mice showed that
the recovery of photopic responses in DKO mice was not simply
a function of ocular retinoid concentration. DKO mice raised
on chow diet also displayed significantly higher ocular retinoid
concentrations than DKO mice on VAS diet. Despite ocular retinoid
concentrations being comparable to BC supplemented DKO mice,
photopic responses to light were still reduced. In fact, we previ-
ously reported in Stra6−/− mice that even after prolonged feeding
with chow diet, photopic ERG responses to light remain impaired
though scotopic ERG responses increased. This phenotype was
associated with the absence of cone pigments in immunostain-
ings of the retina (19).

Our findings raise the question about the biochemical and
molecular basis of the cone-specific improvements upon BC sup-
plementation. It has been reported that cone specific pathways
for chromophore generation exist in the eyes (57). Therefore, we
speculated that eye-specific conversion of BC delivers precursors
for these pathways. However, consistent with previous reports
(58), Bco1 mRNA was very low in qRT-PCR analysis of the eyes of
DKO and other mice in this study (Fig. 5). We want not to exclude
that Bco1 mRNA in total ocular RNA preparations is particularly
low because the gene only is expressed in specific cell types,
i.e. Muller glial cells. However, the lack of BC in the circulation
makes an eye-specific BC conversion rather unlikely. We also
examined whether light-dependent pathways for chromophore
production/regeneration contributed to the improvement of cone
vision upon BC supplementation (52). However, DKO mice raised
in either darkness or light displayed similar scotopic and photopic
ERG responses (Supplementary Material, Fig. S6). We additionally
considered whether 9-cis-RAL production from BC contributed to

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac242#supplementary-data
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the improved cone function of DKO mice. The absence of signif-
icant amounts of 9-cis-retinoid diastereomers in the circulation
and in ocular tissues suggested that this production did not
contribute to the improvement of cone physiology in DKO mice
(Fig. 1F). In fact, previous reports indicate that poor absorption of
9-cis-BC as well as intrinsic isomerase activity of BCO1 prevent
generation of the 9-cis-RAL diastereomers in mice (59,60).

Thus, another mechanism must account for the improved cone
functioning of DKO mice on BC diet. Mice deficient for STRA6 and
its binding protein RBP rely on an ocular delivery of vitamin A
in the form of REs (7,17). When subjected to dietary vitamin A
deprivation, STRA6-deficient eyes have limited chromophore (18).
In mice, REs mainly exist in the postprandial circulation tran-
siently (61). Our study now reveals that this phenomenon changed
under conditions of BC supplementation in ISX-deficiency. The
enhanced absorption and conversion of BC to retinoids led to
altered RE kinetics in the circulation. This alteration was driven by
altered expression of genes encoding LRAT and MTP in the intes-
tine which catalyzes RE formation and regulates chylomicron
assembly, respectively. Such a phenomenon where BC impacts
lipoprotein metabolism has also been reported previously at the
fetal–maternal barrier (50). REs were present in the fed state but
also in the starved state, indicating that this form of vitamin A
existed in several lipoprotein classes under this condition. The
altered plasma kinetics of REs resulted in a steady supply of
retinoids to the eyes in DKO mice on BC diet. We suggest that this
constant and steady supply increased ocular retinoid concentra-
tion and enabled cones to compete with rods for chromophore.
Cone pigments are unstable and can decay into chromophore
and free opsin. This characteristic of cone pigments, which are
surrounded by a vast majority of rod photoreceptors, may result
in a constant ‘stealing’ of chromophore in a vitamin A deficient
retina (20). Cone photoreceptor functioning improved, as seen by
the absence of unliganded opsins in the retinas of these mice
(Fig. 6). Our study suggests that altered RE kinetics are a signifi-
cant contributor for the improved cone function in DKO mice and
to a lesser extent in Stra6−/− mice, but we do not want to exclude
involvement from other mechanisms.

BC feeding did not only improve cone photoreceptor matu-
ration and function but also had an appreciable effect on the
fluorescent spots that were noted in fundus images from Stra6−/−

mice on both diets as well as from DKO mice on a VAS diet
(Fig. 1H). Many studies reported that chromophore deficiency of
cone photoreceptors leads to cell death and irreversible loss of
sight (14). In fact, mice deficient for STRA6 and its ligand RBP
have both been reported to show signs of retinal degeneration
while aging (19,62). Therefore, we conclude that the improved
cone function upon BC supplementation has profound effects on
retinal health in these animals.

Collectively, our data unraveled a yet underappreciated role
of BC for vision. BC promoted cone photoreceptor function and
maintenance in the STRA6-deficient mouse eyes. This effect was
not likely achieved by a local conversion and metabolism of BC
in the eye, but rather by changes in lipoprotein metabolism and
kinetics of serum RE. Interestingly, studies administering labeled
vitamin A in volunteers demonstrated that preformed vitamin A
and vitamin A derived from BC display different plasma kinetics
upon supplementation (46). Clinical studies have also shown
that supplementation with BC extracts had favorable effects
in retinitis pigmentosa patients (26). Notably, genetic polymor-
phisms in the BCO1 gene have been associated with AMD (28,29).
Previously, this association was explained by interactions between
BC and macula pigments during absorption and transport (30).

Our findings now indicate that increased BCO1 activity has a
direct and beneficial effect on cone photoreceptors. Therefore,
the association between BCO1 and ocular disease states warrants
further investigations.

Materials and Methods
Animals, housing and diets
Female mice on a C57BL/6 J genetic background were used for this
study. As previously described, mice expressing a mutant Stra6 or
Isx allele were generated (16,34). Isx−/−; Stra6−/− double knockout
(DKO) mice were generated in the vivarium at Case Western
Reserve University (31). WT mice were acquired from the Jackson
Laboratory. Light-reared mice were housed on a 12:12 h light/dark
cycle, and dark-reared mice were housed in a dark room with ad
libitum access to food and water. All mice were bred and raised
on a standard rodent chow diet consisting of 15 000 IU vitamin
A/kg diet (Prolab RMH 3000, LabDiet, St. Louis, MO, USA). At the
time of weaning, mice were maintained on a diet supplemented
with vitamin mix V13002 (4000 IU vitamin A, retinyl acetate)
(VAS diet) or BC (25 mg/kg; ∼ 7000 IU retinol assuming 1 μg
RAE:12 μg BC) (BC diet) for 8 weeks. Special diets were prepared by
Research Diets (New Brunswick, NJ, USA). At the end of the dietary
intervention, fed- or 16 h fasted mice were anesthetized using
a drug cocktail of ketamine (60 mg/kg) and xylazine (5 mg/kg).
Blood samples were collected via cardiac puncture. Mice were
transcardially perfused with PBS and then sacrificed by cervical
dislocation. The eyes were immediately harvested for analysis or
snap-frozen in liquid nitrogen and stored at −80◦C until further
use. All mice experiments in these studies were conducted in
accordance with protocols approved by Case Western Reserve
University Institutional Animal Care and Use Committee.

HPLC retinoid analyses
Retinoids were extracted from serum (100 μl) or one entire
eyecup as previously described (31). In brief, sera and eyecups
were homogenized in a final 200 μl volume with either PBS
or 2 M hydroxylamine (pH 6.8), respectively. Retinoids were
then extracted two times using a mixture of 200 μl methanol,
400 μl acetone and 500 μl hexane. A normal-phase Zorbax
Sil (5 μm, 4.6 × 150 mm) column was used for HPLC analysis.
Chromatographic separation was achieved by isocratic flow of
10% ethyl acetate/90% hexanes. To quantify the molar amounts
of retinoids, the HPLC was previously calibrated with synthetic
standard compounds.

SD-OCT and fundus imaging
Four to five mice were assessed at a time. Prior to the eye examina-
tion, 1% tropicamide (Bausch and Lomb, Tampa, FL, USA) was used
to dilate the pupils. Mice were anesthetized by intraperitoneal
injection of ketamine/xylazine rodent cocktail. Spectral domain
optical coherence tomography (SD-OCT, Bioptigen) images were
positioned to adjust the optic nerve in the center. B-scan images
were acquired and averaged using the Bioptigen software. Con-
focal scanning laser ophthalmoscope (SLO Spectralis HRA2, Hei-
delberg Engineering, Heidelberg, Germany) was used to collect
mouse fundus images. The fundus camera was aligned to the
pupil using the near infrared reflective laser (820 nm) to obtain
evenly illuminated fundus images.

Histology
Histological analyses were performed using eyes enucleated
from mice following perfusion. The eyes were fixed in 4%
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paraformaldehyde overnight at room temperature. Paraffin
embedding, sectioning (10 μm), and hematoxylin and eosin (HE)
staining were conducted by the Visual Sciences Research Center
Core at Case Western Reserve University. The HE-stained sections
were imaged using the Leica DM600 microscope.

Electroretinography
Light-reared mice were dark adapted overnight prior to examina-
tion. Pupils were dilated using 1% tropicamide (Bausch and Lomb),
and mice were anesthetized by an intraperitoneal injection of
ketamine/xylazine rodent cocktail. Mice were placed on a heating
pad throughout the recording session to keep the body temper-
ature at 37◦C. Ag-AgCl electrodes were placed on the surface
of the cornea (Diagnosys Celeris, Lowell, MA). For dark-adapted
ERG responses, mice were exposed to 10 steps of a white light,
flash stimulus ranging from 0.001 to 20 cd s × m−2. Interstimulus
intervals were set at 4 s for low-luminance flashes and 90 s for
the highest stimulus. For cone ERG responses, mice were exposed
to a steady adapting light field for 7 min, and waveforms were
recorded with strobe-flash stimuli (0.32 to 63 cd s × m−2) super-
imposed on the adapting field. Amplitude values were averaged
between left and right eyes.

9-cis-retinal administration
WT and DKO mice, dark adapted for 16 h, were injected intraperi-
toneally with 0.5 mg 9-cis-retinal (Cayman Chemicals, Ann Arbor,
MI, USA) or DMSO vehicle daily for two consecutive days. Mice
were euthanized 24 h post-treatment. The eyes were enucleated,
and 9-cis-retinal concentrations were determined by HPLC.

Retina immunohistochemistry
Following euthanasia, the eyes were immediately harvested.
For frozen retinal cross-sections, the eyes were fixed in 4%
paraformaldehyde overnight. Samples were embedded in OCT
and sectioned (5 μm) at the Visual Sciences Research Center Core
at Case Western Reserve University. Retinal sections were thawed
to room temperature, rehydrated with PBS and blocked using
4% normal goat serum. The sections were incubated with 1:500
monoclonal 1D4 anti-rhodopsin (Dr Robert Molday, University
of British Columbia, Canada) and 1:250 anti-M opsin (cat no.
AB5405, Millipore Sigma, St. Louis, MO, USA) primary antibody
overnight at 4◦C and then washed with PBST (0.1% TritonX-100
in PBS). Alexa fluor 555 was used as the secondary antibody
at a 1:500 dilution. The sections washed with PBST and then
PBS before mounting. For retinal whole mounts, the eyes were
fixed in 4% paraformaldehyde for 1 h. To track orientation, the
inferior side of the eye was marked. The cornea was excised,
and the lens and vitreous were both removed. Radial incisions
were made to flatten the eyecup. The retinal layer was separated
from the posterior eyecup (RPE and sclera). After washing the
retinal tissue with PBST, ice-cold methanol was added in a
dropwise manner for permeabilization. The retina was further
flattened between two coverslips in 4% paraformaldehyde and
then incubated with M-opsin (cat no. AB5405, Millipore Sigma)
primary antibody (1:250) overnight at 4◦C. The flatmounts were
washed with PBST before being incubated with an Alexa fluor 555
secondary antibody (1:500) for 2 h at room temperature. Following
PBST washes, the flatmounts were mounted on microscope slides
with the photoreceptor side facing up. Images were acquired by
the Hamamatsu NanoZoomer slide scanner at the Case Western
Reserve University Light Microscopy Core.

Quantitative real-time PCR
Total RNA was extracted from enucleated eyes using the TRIzol
method (Invitrogen, Carlsbad, CA, USA). The Nano drop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
was used to quantify RNA, and cDNA was generated using the
High Capacity RNA to cDNA kit (Applied Biosystems, Thermo
Fisher Scientific). RT-PCR was carried out using the TaqMan
Master Mix (Applied Biosystem; Thermo Fisher Scientific) and
primers (Applied Biosystems) to amplify β-actin (Mm02619580),
Apob (Mm01545159), Bco1 (Mm01251350), Gnat1 (Mm01229120),
Gnat2 (Mm00492394), Lpl (Mm00434764), Lrat (Mm00469962), Mttp
(Mm004435015), Opn1mw (Mm00433560), Opn1sw (Mm00432058),
Rho (Mm01184405), Rpe65 (Mm00504133), Scarb1 (Mm00450234)
and Stra6 (Mm00486457). Gene expression levels were normalized
to the expression of housekeeping gene β-actin using the ��Ct
method.

Statistical analysis
All statistical analyses were performed Graphpad Prism 8.0
software. One-way ANOVA was applied for comparisons made
between genotypes, and two-way ANOVA was used when the
measured response is affected by both diet and genotype. The
Tukey multiple-comparisons post hoc tests were carried out.
An alpha level of P < 0.05 was considered significant. Data are
expressed as mean values ± standard deviation. An n = 4 refers
to four individual mice in ERG tests or four individual eyes from
unique mice.

Supplementary Material
Supplementary Material is available at HMG online.
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