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Abstract

Thyroid hormone (TH) regulates cell proliferation, differentiation, and metabolism. In-
creased TH levels in circulation are associated with a higher incidence of age-related macu-
lar degeneration. In mice, TH treatment causes photoreceptor degeneration, which is ac-
companied by an increase in receptor-interacting serine/threonine-protein kinase 3 (RIPK3)
in the retina. Here, we investigated the contribution of RIPK3/necroptosis to TH-induced
photoreceptor degeneration using mice deficient in RIPK3 and the necroptotic mixed
lineage kinase domain-like protein (MLKL). Wild-type (C57BL/6) and mutant mice at post-
natal day 30 received triiodothyronine (T3, 20 µg/mL in drinking water) for four weeks,
followed by the evaluation of photoreceptor survival/death and retinal function. Deletion
of Ripk3 preserved photoreceptor integrity against T3-induced degeneration, evidenced by
improved retinal morphology, increased cone density, improved retinal light responses, and
reduced cell death. This protection was observed in both global and photoreceptor-specific
Ripk3 knockout mice. In contrast, the deletion of Mlkl did not protect photoreceptors. This
work supports the view that RIPK3, but not MLKL, contributes to TH-induced photorecep-
tor degeneration. The lack of protection from Mlkl deletion suggests that RIPK3’s action
is likely mediated via a necrosome-independent mechanism. These findings provide sig-
nificant insight into how TH signaling induces photoreceptor degeneration and implicate
RIPK3 as a potential therapeutic target.

Keywords: photoreceptor; retina; thyroid hormone; RIPK3; necroptosis

1. Introduction
Rod and cone photoreceptors are vital for vision. Photoreceptors degenerate in a

variety of pathological conditions, including inherited retinal degenerative diseases such
as retinitis pigmentosa, Leber congenital amaurosis (LCA), and cone-rod dystrophies, and
age-related retinal degenerative diseases such as age-related macular degeneration (AMD)
and diabetic retinopathy. Inherited retinal degenerative diseases affect approximately 1 in
3000 individuals globally, and AMD is the leading cause of blindness in older adults.
Despite the highly heterogeneous nature of these diseases, degenerating photoreceptors
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often display common cellular issues, including oxidative damage [1,2], inflammatory
lesions [3–5], apoptosis [6,7], and necroptosis [3,5,8]. Understanding these common cel-
lular features can help us find better ways to manage photoreceptor degeneration and
preserve vision.

TH signaling regulates cell proliferation, differentiation, and metabolism across var-
ious tissues [9–11]. In the retina, TH regulates retinal development and cone opsin ex-
pression and is associated with photoreceptor viability. Suppression of TH signaling
with an anti-thyroid drug or targeting the intracellular TH components iodothyronine
deiodinases and TH receptors has been shown to protect photoreceptors in LCA RPE65-
deficient mice [12–16] and in NaIO3-induced AMD model mice [17,18]. Conversely, stim-
ulation of TH signaling, either via triiodothyronine (T3) treatment or the deletion of T3-
degrading enzymes, induces photoreceptor degeneration. This degeneration manifests as
impaired retinal morphology/integrity, reduced retinal function, increased photoreceptor
cell stress/death, and increased retinal glial cell activation [14,19–21]. Moreover, TH sig-
naling has strong associations with human retinal disease. Population and patient-based
studies suggest that elevated TH signaling is associated with an increased incidence of
AMD [22–31]. Optical coherence tomography evaluations have revealed macular thinning
in patients with thyroid-associated ophthalmopathy [32,33]. The influence of TH signal-
ing extends beyond the retina with established links to Alzheimer’s disease [34,35] and
Parkinson’s disease [36], highlighting its broad impact on neurodegenerative conditions.

Receptor-interacting protein kinase 3 (RIPK3) signaling is a crucial biological process
involved in cell death/necroptosis. RIPK3 is a central mediator of necroptosis/programmed
necrotic cell death. It works with RIPK1 and mixed lineage kinase domain-like (MLKL) to
form the necrosome, leading to the execution of necroptosis, characterized by cell membrane
rupture, the release of cellular contents, and cell death [37,38]. In addition to this canonical
necroptosis pathway, RIPK3 has been implicated in other cellular processes, including
inflammation [39,40], mitochondrial metabolism/bioenergetics [41], and apoptosis [42],
though the underlying mechanisms and context-dependency are still being investigated.
Our previous observations suggested a potential involvement of RIPK3 and/or necroptotic
signaling in TH-induced photoreceptor degeneration, as T3-induced photoreceptor death
was accompanied by an increased expression of RIPK3 and MLKL [19]. The current work
investigated the role of RIPK3/necroptotic signaling in TH-induced photoreceptor degen-
eration using Ripk3-deficient mice and Mlkl-deficient mice. Our findings revealed that the
deletion of Ripk3 significantly preserved photoreceptors against T3-induced degeneration.
However, the deletion of Mlkl did not result in photoreceptor protection. This work demon-
strates the contribution of RIPK3 to TH-induced photoreceptor degeneration. The lack of
protection observed with Mlkl deletion suggests that the action of RIPK3 is likely mediated
via a necrosome-independent or non-canonical mechanism.

2. Results
2.1. Deletion of Ripk3 Preserved Retinal/Rod Integrity After T3 Treatment

We examined the effects of Ripk3 deletion on retinal morphology using Ripk3−/− mice.
The role of MLKL was also examined using Mlkl−/− and Mlkl−/−/Ripk3−/− mice. After
treatment with T3 (20 µg/mL in drinking water) for 30 days, mice were evaluated for retinal
morphology/integrity by hematoxylin and eosin (H&E) staining of retinal cross-sections.
Our evaluation showed that the deletion of Ripk3 preserved retinal structural integrity from
T3-induced damage/cell loss (Figure 1). T3 treatment significantly impacted the thickness
of the outer nuclear layer (ONL) in wild-type (C57BL/6) mice; quantitative analysis showed
a significant detriment to the retinal layers in T3-treated mice compared to the controls.
Deletion of Ripk3 completely reversed the damage induced by T3 and provided substantial



Int. J. Mol. Sci. 2025, 26, 8154 3 of 20

protection to the retinal layers. There was virtually no difference in ONL thickness between
the T3-treated and untreated Ripk3−/− mice. However, Mlkl−/− mice did not show any
retinal preservation, with the ONL displaying thinning like that seen in wild-type mice
after T3 treatment. Meanwhile, Mlkl−/−/Ripk3−/− mice showed a protection similar to that
in Ripk3−/− mice. Since rods constitute over 95% of the total photoreceptor population in a
mammalian retina, this protection from ONL thinning primarily reflects rod preservation.
To examine the specific effect of Ripk3 deletion in rods and cones, we utilized rod-specific
knockout (Ripk3flox/flox/LMOPCre) and cone-specific knockout (Ripk3flox/flox/HRGPCre) mice.
The Ripk3flox/flox/LMOPCre mice showed retinal protection similar to that of Ripk3−/− mice
(Figure 1). In contrast, Ripk3flox/flox/HRGPCre mice treated with T3 had a reduced ONL
thickness compared to the untreated controls (Figure 1). This likely reflects the fact that
cones represent only 3–5% of the total photoreceptor population in the mouse retina, and
the effects of TH on rods still contributed to the overall reduction in ONL thickness.

Figure 1. Deletion of Ripk3 preserved retinal/rod integrity after T3 treatment. C57BL/6, Ripk3−/−,
Mlkl−/−, Mlkl−/−/Ripk3−/−, rod-specific knockout (Ripk3flox/flox/LMOPCre), and cone-specific knockout
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(Ripk3flox/flox/HRGPCre) mice at one month of age received T3 treatment for 30 days and were then
evaluated for retinal morphology/rod integrity using H&E staining. Shown are representative light
microscopic images of H&E-stained retinal cross-sections and the corresponding quantitative analysis.
ONL, outer nuclear layer; INL, inner nuclear layer; and GCL, ganglion cell layer. Data are presented
as means ± SD for 3–13 mice per group. Unpaired Student’s t-test/Mann–Whitney test was used to
test for differences between two groups of data (* p < 0.05, ** p < 0.01, and *** p < 0.001, compared
with their respective untreated controls).

2.2. Deletion of Ripk3 Preserved Cones After T3 Treatment

We next examined the effects of Ripk3 deletion on cone preservation. Wild-type,
Ripk3−/−, Mlkl−/−, and Mlkl−/−/Ripk3−/− mice received T3 treatment (20 µg/mL in drinking
water) for 30 days and were then evaluated for cone density using PNA immunolabeling
on retinal whole mounts and M-opsin immunolabeling on retinal cross-sections. PNA
labeling showed that Ripk3 deletion preserved cones from T3-induced cell loss (Figure 2A).
Wild-type mice exhibited a dramatic 79% reduction in PNA-labeled cones after T3 treatment
compared to the untreated controls. In contrast, Ripk3−/− mice showed cone preservation
against T3-induced cell loss, with only a 55% reduction in cone density from control
levels. However, Mlkl−/− mice showed no cone preservation; their post-T3 cone density
was comparable to or even lower than that of T3-treated wild-type mice (94% reduction).
Nevertheless, Mlkl−/−/Ripk3−/− mice showed a protection comparable to Ripk3−/− mice
(48% reduction). To assess cone-specific effects, we employed Ripk3flox/flox/HRGPCre mice,
which also exhibited significant protection to Ripk3−/− mice (21% reduction) (Figure 2A).
M-opsin labeling on retinal cross-sections showed similar findings. In wild-type mice,
T3 treatment reduced the cone density by approximately 75% compared to the untreated
controls. The deletion of Ripk3 preserved cones against T3-induced cell loss, with only a
27% reduction in cone density relative to the untreated controls (Figure 2B). Mlkl−/− mice
did not show any cone preservation, with their post-treatment cone density being similar to
wild-type mice treated with T3 (93% reduction), while Mlkl−/−/Ripk3−/− mice exhibited a
protection comparable to Ripk3−/− mice (39% reduction in the dorsal area and no reduction
in the ventral area) (Figure 2B).

2.3. Deletion of Ripk3 Preserved Retinal Function After T3 Treatment

The effects of Ripk3 deletion on retinal function after T3 treatment were evalu-
ated using electroretinography (ERG) recordings. Wild-type, Ripk3−/−, Mlkl−/−, and
Mlkl−/−/Ripk3−/− mice received T3 treatment (20 µg/mL in drinking water) for 30 days
and were then assessed for scotopic (rod function) and photopic (cone function) light
response. ERG analysis showed that deletion of Ripk3 preserved photoreceptors from T3-
induced impairment (Figure 3). Wild-type mice treated with T3 had significantly impaired
light responses, with the scotopic a-wave, scotopic b-wave, and photopic b-wave reduced
by about 61%, 48%, and 64% of the untreated control levels, respectively. In contrast,
Ripk3−/− mice maintained near-normal ERG responses after T3 treatment, showing no
significant reduction in either scotopic or photopic responses. Mlkl−/− mice showed some
scotopic rescue, with the scotopic a-wave and scotopic b-wave reduced by approximately
22% and 29% of untreated control levels, respectively, but showed no photopic rescue
(66% reduction). Mlkl−/−/Ripk3−/− mice showed a light response rescue comparable to
that observed in Ripk3−/− mice with no reduction in ERG responses.

2.4. Deletion of Ripk3 Reduced Photoreceptor Apoptosis After T3 Treatment

Photoreceptor cell death/apoptosis after T3 treatment was evaluated by TUNEL
labeling on retinal cross-sections. C57BL/6, Ripk3−/−, Mlkl−/−, Mlkl−/−/Ripk3−/−,
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Ripk3 rod-specific knockout (Ripk3flox/flox/LMOPCre), and Ripk3 cone-specific knockout
(Ripk3flox/flox/HRGPCre) mice received the T3 treatment (20 µg/mL in drinking water) for
30 days and were then evaluated for photoreceptor cell apoptosis. TUNEL labeling showed
that the deletion of Ripk3 reduced T3-induced photoreceptor apoptosis (Figure 4). There was
almost no detection of TUNEL-positive cells in untreated mice of all genotypes. Treatment
with T3 induced cell death in all groups, shown as increased numbers of TUNEL-positive
cells on retinal cross-sections. Quantitative analysis revealed that Ripk3 deletion attenuated
this increase in apoptosis (Figure 4). The number of TUNEL-positive cells was reduced in
Ripk3−/− mice (38% reduction), though not to a statistically significant degree. The number
of TUNEL-positive cells was significantly reduced in the Mlkl−/−/Ripk3−/− (66% reduction),
Ripk3 cone-specific knockout (55% reduction), and Ripk3 rod-specific knockout (84% re-
duction), compared to that in wild-type mice. However, Mlkl−/− mice did not show any
protection and, in fact, showed a significant increase in the number of TUNEL-positive
cells relative to wild-type mice (111% increase) (Figure 4).

(A) 

Figure 2. Cont.
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(B) 

Figure 2. Deletion of Ripk3 preserved cones after T3 treatment. C57BL/6, Ripk3−/−, Mlkl−/−,
Mlkl−/−/Ripk3−/−, and Ripk3 cone-specific knockout (Ripk3flox/flox/HRGPCre) mice at one month
of age received T3 treatment (20 µg/mL) for 30 days and were then evaluated for cone density by
PNA labeling of retinal whole mounts and M-opsin labeling of retinal cross-sections. (A) Shown are
representative confocal images of PNA-labeled retinal whole mounts and corresponding quantitative
analysis. (B) Shown are confocal images of M-opsin labeling of retinal cross-sections and correspond-
ing quantitative analysis. ONL, outer nuclear layer; INL, inner nuclear layer. Data are presented as
means ± SD for 3–17 mice per group. Unpaired Student’s t-test/Mann–Whitney test was used to test
for differences between two groups of data (* p < 0.05, ** p < 0.01, and *** p < 0.001, compared with
their respective untreated controls).

2.5. Deletion of Ripk3 Reduced Photoreceptor DNA Damage/Oxidative Stress After T3 Treatment

We further investigated the effect of Ripk3 deletion on DNA damage/oxidative stress
in the retina after T3 treatment. C57BL/6, Ripk3−/−, Mlkl−/−, and Mlkl−/−/Ripk3−/− mice
received T3 treatment (20 µg/mL in drinking water) for 30 days and were then evaluated for
oxidative stress/damage by p-γH2AX labeling on retinal cross-sections. Phosphorylated
γH2AX (p-γH2AX) is a widely used and highly sensitive biomarker for DNA double-
strand breaks. As oxidative stress can be a cause of these DNA double-strand breaks,
this labeling was used as an indirect marker for assessing oxidative stress in the retina.
Our examinations showed that the deletion of Ripk3 reduced T3-induced photoreceptor
oxidative stress (Figure 5). There was nearly no detection of p-γH2AX-labeled cells in
untreated mice of all genotypes. Treatment with T3 increased the number of p-γH2AX-
positive cells in wild-type mice. The global deletion of Ripk3 significantly reversed this
increase, with a substantially lower number of p-γH2AX-positive cells compared to wild-
type mice (88% reduction). However, Mlkl−/− mice did not show significant protection
compared to that in T3-treated wild-type mice (38% reduction). Mlkl−/−/Ripk3−/− mice
exhibited a significantly reduced number of p-γH2AX-positive cells, comparable to that
observed in Ripk3−/− mice (91% reduction) (Figure 5).
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Figure 3. Deletion of Ripk3 preserved retinal function after T3 treatment. C57BL/6, Ripk3−/−, Mlkl−/−,
and Mlkl−/−/Ripk3−/− mice received T3 treatment (20 µg/mL in drinking water) for 30 days and
were then evaluated for light responses using ERG recordings. Shown are the results of scotopic and
photopic light response amplitudes of T3-treated mice compared with untreated controls. Data are
represented as means ± SD for 6–24 mice per group. Unpaired Student’s t-test/Mann–Whitney test
was used to test for differences between two groups of data (* p < 0.05, ** p < 0.01, and *** p < 0.001,
compared with their respective untreated controls).
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Figure 4. Deletion of Ripk3 reduced photoreceptor apoptosis after T3 treatment. C57BL/6, Ripk3−/−,
Mlkl−/−, Mlkl−/−/Ripk3−/−, Ripk3 rod-specific knockout (Ripk3flox/flox/LMOPCre), and Ripk3 cone-
specific knockout (Ripk3flox/flox/HRGPCre) mice at one month of age received T3 treatment (20 µg/mL)
for 30 days and were then evaluated for cell death. Shown are confocal images of TUNEL labeling on
retinal cross-sections and corresponding quantitative analysis. ONL, outer nuclear layer; INL, inner
nuclear layer. Data are presented as means ± SD for 3–7 mice per group. One-way ANOVA was used
for significance within sets of data, followed by Dunnett’s multiple comparisons test (** p < 0.01, and
*** p < 0.001, compared with wild-type mice after T3 treatment).
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Figure 5. Deletion of Ripk3 reduced photoreceptor oxidative stress after T3 treatment. C57BL/6,
Ripk3−/−, Mlkl−/−, and Mlkl−/−/Ripk3−/− mice received T3 treatment (20 µg/mL in drinking water)
for 30 days and were then evaluated for oxidative stress/damage in the retina using p-γH2AX
labeling. Shown are representative confocal images of p-γH2AX labeling on retinal cross-sections of
T3-treated mice compared with untreated controls and corresponding quantitative analysis. ONL,
outer nuclear layer; INL, inner nuclear layer. Data are represented as means ± SD for 4–5 mice per
group. One-way ANOVA was used for significance within the sets of data, followed by Dunnett’s
multiple comparisons test (*** p < 0.001, compared with wild-type mice after T3 treatment).

2.6. Deletion of Ripk3 Reduced Retinal Macroglial Cell Activation After T3 Treatment

We also investigated the effect of Ripk3 deletion on retinal macroglial cell (Müller
cell and astrocyte) activation after the T3 treatment. C57BL/6, Ripk3−/−, and Mlkl−/−
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mice received T3 treatment (20 µg/mL in drinking water) for 30 days and were evaluated
for the activation of macroglial cells using GFAP labeling on retinal cross-sections. Our
immunolabeling showed that the global deletion of Ripk3 reduced T3-induced retinal
macroglial cell activation (Figure 6). GFAP labeling was increased in wild-type mice treated
with T3 compared to the untreated controls, indicating robust glial activation. This increase
was notably diminished in Ripk3−/− mice. However, GFAP immunolabeling in Mlkl−/−

mice after T3 treatment was at a comparable level to, or even higher than, the levels
observed in wild-type mice.

 

Figure 6. Deletion of Ripk3 reduced retinal macroglial cell activation after T3 treatment. C57BL/6,
Ripk3−/−, and Mlkl−/− mice received T3 treatment (20 µg/mL in drinking water) for 30 days and were
then evaluated for activation of Müller glial cells in the retina. Shown are representative confocal
images of GFAP labeling on retinal cross-sections of T3-treated mice compared with their respective
untreated controls. ONL, outer nuclear layer; INL, inner nuclear layer; and GCL, ganglion cell layer.
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2.7. Deletion of Ripk3 Diminished the Expression of the Inflammatory Genes After T3 Treatment

We also examined the effect of Ripk3 deletion and T3 treatment on the expression
of inflammatory genes that are sometimes associated with RIPK3 activity. C57BL/6 and
Ripk3−/− mice received T3 treatment (20 µg/mL in drinking water) for 30 days and were
then evaluated for expression of the inflammatory genes Nlrp3, Il-1α, Il-1β, and Il-6 using
qRT-PCR. Our assays showed that global deletion of Ripk3 mitigated the expression of the
inflammatory genes induced by T3 (Figure 7). In wild-type mice, T3 treatment led to ap-
proximately 20-fold and 65-fold increases in Il-1α and Il-1β expression, respectively. These
elevations were nearly completely abolished in Ripk3−/− mice (87% and 93% reduction,
respectively), indicating a strong anti-inflammatory effect of Ripk3 deletion in the context
of T3-induced retinal stress.

(A) (B) 

Figure 7. Deletion of Ripk3 diminished expression of the inflammatory genes after T3 treatment.
C57BL/6 and Ripk3−/− mice received T3 treatment (20 µg/mL in drinking water) for 30 days and
were then evaluated for expression of the genes involved in inflammatory response. Shown are
qRT-PCR results for expression levels of the inflammatory genes in the retina prepared from wild-
type (A) and Ripk3−/− (B) mice. Data are represented as means ± SD of 3–5 assays using retinas
prepared from 3 to 9 mice per group. Unpaired Student’s t-test/Mann–Whitney test was used to test
for differences between two groups of data (* p < 0.05, ** p < 0.01, compared with their respective
untreated controls).

3. Discussion
3.1. RIPK3 Contributes to T3-Induced Photoreceptor Degeneration, and This Action Is Likely via a
Necrosome-Independent Mechanism

The present work investigated the role of RIPK3 and MLKL in TH signaling-induced
retinal/photoreceptor degeneration in mice. Deletion of Ripk3 preserved retinal mor-
phology and function against T3-induced damage and reduced photoreceptor cell death,
oxidative stress/damage, and retinal macroglial cell activation. These observations were
obtained in Ripk3 global knockout [43] and Ripk3 photoreceptor-specific knockout mice,
demonstrating the role of RIPK3 in the T3-induced degeneration of photoreceptors. The
protection against T3 treatment was observed in both rods and cones, suggesting an equiv-
alent role of RIPK3 in T3-induced damage to these photoreceptors. In contrast, the global
deletion of Mlkl did not render any protection against T3 treatment [43]. Mlkl−/− mice
showed a similar level of retinal damage in response to the T3 treatment as was seen in the
wild-type mice. Furthermore, the simultaneous deletion of both Ripk3 and Mlkl showed
levels of protection similar to those seen in the single knockout Ripk3−/− mice [43], suggest-
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ing that the protection seen in Mlkl−/−/Ripk3−/− mice is most likely due to the deletion
of Ripk3 alone. MLKL is the well-established terminal effector of the necroptosis pathway.
Cell membrane disruption in necroptosis is achieved by MLKL after its phosphorylation
and oligomerization [44–46], and MLKL deficiency/knockout abolishes the function of
the necrosome/necroptosis [47,48]. Thus, the lack of protection in Mlkl−/− mice supports
the view that the contribution of RIPK3 to TH-induced photoreceptor degeneration is
likely mediated via a necrosome-independent/non-canonical mechanism. These new data
support and expand upon previous evidence that RIPK3 contributes to retinal degeneration.
The genetic deletion of Ripk3 was shown to protect photoreceptors in mouse models of
retinal degeneration, such as rd10 mice [49], retinal detachment [50], and alkylation-induced
degeneration [51].

It was noted that the global Ripk3 knockout mice did not protect photoreceptors from
T3 as much as the cone-specific Ripk3 knockout mice (see Figure 2A). This is an interesting
finding, though we do not have a full explanation for it yet. It appears that the RIPK3
deficiency in other retinal cell types might have negatively impacted the photoreceptors.

It should be pointed out that the knockout mouse lines under untreated condi-
tions show some retinal degeneration. This includes a reduced ONL thickness in
Mlkl−/−/Ripk3−/− and Ripk3flox/flox/LMOPCre mice (see Supplementary Figure S1), reduced
cone density in Mlkl−/−/Ripk3−/− mice (see Supplementary Figure S2), reduced rod ERG
response in Ripk3−/− and Mlkl−/−/Ripk3−/− mice (see Supplementary Figure S3A), and
reduce cone ERG response in Ripk3−/−, Mlkl−/−, and Mlkl−/−/Ripk3−/− mice (see Supple-
mentary Figure S3B). The cone density was evaluated using PNA labeling on retinal whole
mounts and M-opsin labeling on retinal cross-sections. A reduction in cone density in the
double knockout mice without T3 treatment was observed in the retinal cross-section anal-
ysis but not in the whole mount analysis (see Supplementary Figure S2). This discrepancy
is likely due to the different methodologies and molecular markers used. Tissue section
assays generally offer a higher resolution and precision, and M-opsin labeling is likely
more specific than PNA labeling. Nevertheless, the retinal phenotype in RIPK3-deficient
mice and MLKL-deficient mice suggests a role of these proteins in retinal/photoreceptor
maintenance, warranting further investigation.

3.2. RIPK3 Plays a Role in T3-Induced Photoreceptor Apoptosis

Although RIPK3 is a key protein in the classical necroptotic (necrosome) pathway,
accumulating evidence indicates that it also has functions independent of necroptosis,
including promoting apoptosis under certain conditions [42]. In this study, we show
that deletion of Ripk3 significantly reduced the T3-induced photoreceptor apoptosis in
both Ripk3−/− and Mlkl−/−/Ripk3−/− mice, supporting the contribution of RIPK3 to T3-
induced photoreceptor apoptosis. Nevertheless, the precise mechanism by which RIPK3
promotes apoptosis is not fully understood. Previous studies have shown that RIPK3
can act as a scaffold to recruit other proteins like FADD (Fas-associated death domain)
and caspase-8 to form a complex that activates caspase-8 and triggers apoptosis [42,52].
It has also been suggested that the decision/balance between apoptosis and necroptosis
can be dictated by the availability of MLKL. If MLKL is absent, RIPK3 activation can lead
to apoptosis [53]. Consistent with this model, we observed that Mlkl−/− mice exhibited
increased photoreceptor apoptosis following T3 treatment, with the number of TUNEL-
positive cells doubling compared to the wild-type controls (see Figure 4). Altogether, the
findings from Ripk3−/−, Mlkl−/−/Ripk3−/−, and Mlkl−/− mice show that RIPK3 contributes
to T3-induced photoreceptor apoptosis. Nevertheless, how RIPK3 facilitates apoptosis of
photoreceptors after T3 treatment is unclear at this time and merits further investigation.
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3.3. RIPK3 Plays a Role in T3-Induced Photoreceptor DNA Damage/Oxidative Stress

In this study, we show that the deletion of Ripk3 greatly reduced T3-induced photore-
ceptor DNA damage/oxidative stress in both Ripk3−/− and Mlkl−/−/Ripk3−/− mice. The
number of p-γH2AX-labeled cells in the mutant mice after T3 treatment was about 5–10% of
the level in the wild-type mice (see Figure 5). These findings support the contribution of
RIPK3 to T3-induced DNA damage/oxidative stress. It has been suggested that RIPK3 in-
terplays significantly with oxidative stress. Oxidative stress/hydrogen peroxide (H2O2) can
activate RIPK3 [54], which in turn can further promote oxidative stress, likely by increasing
aerobic respiration, upregulating NADPH oxidase-4 (NOX4), and inhibiting mitochondrial
complexes I and III [55,56]. T3 induces photoreceptor oxidative stress/damage and impairs
oxidative phosphorylation in the retina [19,21,57]. T3 also induces the expression of RIPK3
in the retina [19], likely through the direct action of T3 and/or the indirect action of T3-
induced oxidative stress. The increased expression/function of RIPK3 may promote further
oxidative stress/damage through the feedback mechanisms cited above, as evidenced by
our observation that the deletion of Ripk3 alleviates T3-induced oxidative stress/damage in
the retina. Importantly, T3-induced oxidative stress/damage alone appears to be sufficient
to cause photoreceptor death, as treatment with antioxidants has been shown to effectively
reduce retinal degeneration after T3 treatment [19,21].

3.4. RIPK3 Plays a Role in T3-Induced Upregulation of the Inflammatory Genes in the Retina and
Activation of Retinal Macroglial Cells

Excessive TH signaling induces the expression of genes involved in inflammatory
responses [19,21]. In our study, treatment with T3 induced the expression of Il-1α and Il-1β
in wild-type mice, but their upregulation was completely abolished in Ripk3−/− mice.
Among the necrosome-independent actions of RIPK3, its role in inflammation has been best
characterized. RIPK3 can induce the expression of inflammatory cytokines, including IL-1β
and chemokines, primarily through its action on the inflammasome [39,58]. This upregula-
tion may also involve the NF-κB (nuclear factor kappa-light-chain-enhancer of activated B
cells) signaling pathway, a master regulator of pro-inflammatory gene expression [59,60].
Nevertheless, there is a strong and well-documented connection between inflammation
and apoptosis in the retina. In many retinal diseases, inflammation plays a significant role
in triggering and exacerbating the apoptotic cell death of retinal cells/photoreceptors [61].

A well-established connection exists between macroglial cell activation and inflam-
mation in the retina. While this activation can offer early protection and a proper stress
response, it often leads to retinal cell stress and death [62,63]. Activation of Müller cells and
astrocytes, as indicated by increased expression of GFAP, has been shown in a variety of
animal models of retinal degeneration, including TH-induced retinal degeneration [19,21].
Our recent transcriptomic studies showed that there were approximately 180 differentially
expressed genes (DEGs) in Müller glial cells and approximately 160 DEGs in astrocytes after
T3 treatment [57], highlighting significant transcriptional responses in retinal macroglia.
Our current study shows that GFAP immunolabeling after T3 treatment in Ripk3−/− mice
was reduced, compared to that in the wild-type mice and Mlkl−/− mice, supporting the role
of RIPK3 in the activation of retinal macroglial cells under T3-induced stress conditions. It
is likely that the activation of the macroglial cells in response to T3 treatment results from
both photoreceptor stress/degeneration and the direct action of T3 on these cells. It is also
reasonable to presume that the observed reduction in GFAP labeling/macroglial cell acti-
vation in Ripk3−/− mice may result from both reduced photoreceptor stress/degeneration
and the reduced stress responses of macroglial cells themselves.
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3.5. Potential Influence of RPE in TH-Induced Photoreceptor Degeneration

Photoreceptors depend on the retinal pigment epithelium (RPE) for maintaining
their normal function and integrity. TH signaling affects RPE integrity. TH receptors are
expressed in the RPE [18,64,65], and excessive TH signaling is known to be harmful to
the RPE [66], yet the underlying mechanism remains unclear. Additionally, TH signaling
contributes to RPE damage after oxidative stress [17,18]. These observations suggest that
TH signaling-induced photoreceptor degeneration may be, at least partially, mediated by
RPE damage. Nevertheless, the RPE’s influence on TH-induced photoreceptor degeneration
warrants a separate investigation.

In summary, the present study demonstrates a critical role of RIPK3 in T3-induced pho-
toreceptor degeneration. Deletion of Ripk3 preserved photoreceptors against T3-induced
degeneration and stress responses and preserved retinal function. The lack of protection
from Mlkl deletion suggests that the action of RIPK3 in T3-induced photoreceptor degen-
eration is likely mediated via a necrosome-independent/non-canonical mechanism. The
findings provide significant insight into the mechanism by which TH signaling induces
photoreceptor degeneration and implicate RIPK3 as a potential therapeutic target.

4. Materials and Methods
4.1. Mice, Antibodies, and Reagents

Wild-type (C57BL/6J) and Ripk3−/− lines were obtained from The Jackson Labora-
tory (Bar Harbor, Maine). The Mlkl−/− line [67] was provided by Dr. Warren Alexander
(The Walter and Eliza Hall Institute of Medical Research, Parkville, VIC, Australia). The
Ripk3flox/flox [68], LMOPCre [69], and HRGPCre [70] lines were generated as described previ-
ously. The Mlkl−/−/Ripk3−/−, Ripk3flox/flox/LMOPCre, and Ripk3flox/flox/HRGPCre lines were
generated by crossbreeding. Mice were maintained under cyclic-light (12 h light–dark)
conditions. Cage illumination was a 7-foot candle during the light cycle. All animal main-
tenance and experiments were approved by the local Institutional Animal Care and Use
Committee (University of Oklahoma Health Sciences) and conformed to the Guidelines
on the Care and Use of Animals of the Society for Neuroscience and the Association for
Research in Vision and Ophthalmology. Mice of either sex were used in the experiments and
randomly assigned within a litter for the drug treatment or vehicle/untreated experiments.
Antibodies and reagents used in the experiments are listed in Table 1.

Table 1. Antibodies/reagents and conditions used in this study.

Antibodies/Reagent Vendor Catalog
Number

Dilutions Used
in IF or IB

3,3′,5-triiodo-L-thyronine Millipore Sigma (Darmstadt, Germany) T2877
DAPI (4,6-Diamidino-2-phenylindole) Millipore Sigma D9542 1:2000 (IF)

biotinylated PNA Vector Labs (Newark, CA, USA) B-1075 1:200 (IF)
Anti-M-opsin Millipore Sigma AB5405 1:200 (IF)

TUNEL Sigma-Aldrich (Saint Louis, MO, USA) 11684795910 1:10 (IF)
anti-γH2AX (p Ser139) Novus (Centennial, CO, USA) NB100-2280 1:200 (IF)

anti-GFAP DAKO (Glostrup, Denmark) Z0334 1:500 (IF)
Alexa Fluor® 555 goat anti-rabbit IgG ThermoFisher Scientific (Waltham, MA USA) A21428 1:500 (IF)

Streptavidin-Cy3 ThermoFisher Scientific SA1010 1:500 (IF)

4.2. T3 Treatment

Triiodothyronine (T3) for drinking water was prepared as described [71]. Ten mil-
ligrams of T3 (T2877, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 1.0 mL of 1.0 N
NaOH, followed by dilution with tap water for final working concentrations.
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4.3. Scotopic and Photopic Electroretinography Recordings

Full-field electroretinography (ERG) recordings were conducted as described previ-
ously [19]. Briefly, after overnight dark adaptation, mice were anesthetized by intraperi-
toneal injection of 85 mg/kg ketamine and 14 mg/kg xylazine. ERGs were recorded using
an Espion visual electrophysiology system with a Ganzfeld ColorDome system (Diag-
nosys, Lowell, MA, USA). Potentials were recorded using a gold wire electrode to contact
the corneal surface through a layer of 2.5% hypromellose (Gonak, Akorn, Lake Forest,
IL, USA). For assessment of scotopic responses, a stimulus intensity of 1.89 log cd·s m−2

was presented to dark-adapted dilated mouse eyes. To evaluate photopic responses,
mice were adapted to a 1.48 log cd·s m−2 light for 7 min, and then a light intensity of
1.89 log cd·s m−2 was given. Responses were differentially amplified, averaged, and ana-
lyzed using Espion 100 software (Diagnosys).

4.4. Eye Preparation, Immunofluorescence Labeling, Confocal Microscopy, and
Morphometric Analysis

Retinal whole mounts or cross-sections were prepared for immunofluorescence la-
beling, as described previously [14]. For retinal whole mount preparations, eyes were
enucleated, marked at the superior pole with a green dye, and fixed in 4% paraformalde-
hyde (PFA) (Polysciences, Warrington, PA, USA) for 1 h at room temperature, followed
by removal of the cornea and lens. The eyes were then fixed in 4% PFA for 4–6 h at room
temperature, retinas were isolated, and the superior portion was marked for orientation
with a small cut. For retinal cross-sections, mouse eyes were enucleated (the superior
portion of the cornea was marked with green dye before enucleation) and fixed in Prefer
(Anatech Ltd., Battle Creek, MI, USA) for 4 h at room temperature before being transferred
into 70% ethanol. Paraffin sections (5 µm thickness) passing vertically through the retina
(along the vertical meridian passing through the optic nerve head) were prepared using a
Leica microtome (Leica Biosystems, Deer Park, IL, USA).

Immunofluorescence labeling was performed as described previously [14]. Briefly,
retinal whole mounts were blocked with Hanks’ balanced salt solution containing 5% BSA
and 0.5% Triton X-100 overnight at 4 ◦C. Peanut-agglutinin (PNA) immunohistochemistry
was performed using biotinylated PNA and then streptavidin-Cy3 at room temperature for
1 h. For immunofluorescence staining on sections, after the de-paraffin and rehydration
steps, antigen retrieval was performed in 10 mM sodium citrate buffer, pH 6.0, in either a
70 ◦C (normal) or 97 ◦C (harsh) water bath. Primary antibody incubation was performed
overnight at 4 ◦C. Slides were mounted and cover-slipped after fluorescence-conjugated
secondary antibody incubation and wash steps. Immunofluorescence was imaged using
an Olympus FV1000 confocal laser scanning microscope and FluoView imaging software
version 4.2b (Olympus, Tokyo, Japan). For retinal morphometric analysis, retinal cross-
sections stained with hematoxylin and eosin (H&E) were used to evaluate outer nuclear
layer (ONL) thickness, as described previously [14].

4.5. TUNEL

Terminal deoxynucleotidyltransferase dUTP nick-end labeling (TUNEL) was per-
formed on paraffin-embedded retinal cross-sections, using an in-situ cell death fluorescein
detection kit (Sigma-Aldrich, Catalog#: 11684795910), as described previously. Immunoflu-
orescence signals were imaged using an Olympus FV1000 confocal laser scanning micro-
scope. TUNEL-positive cells in the outer nuclear layer passing through the optic nerve were
counted and averaged from at least three sections per eye, from 4 to 12 mice per condition.
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4.6. RNA Isolation and Quantitative Real-Time PCR

Total RNA preparation and reverse transcription were performed as described previ-
ously [17,18]. Briefly, retinas were lysed, and RNA was isolated using a PureLinkTM RNA
kit (Thermo Fisher Scientific) per manufacturer’s instructions. cDNA was prepared using
iScript Reverse Transcription Supermix (Bio-Rad) and was amplified using iTaq Universal
SYBR® Green Supermix (Bio-Rad). The primer sets are listed in Table 2. The gene encoding
murine hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1) was included as an
internal control. Quantitative real-time PCR (qRT-PCR) assays were performed using a
CFX connected Real-Time PCR Detection System (iCycler, Bio-Rad Laboratories, Hercules,
CA, USA). All assessed genes were run in triplicate, and the relative gene expression was
calculated based on the ∆∆Ct method with conditions normalized to Hprt1.

Table 2. Primers used in this study.

Gene Forward Primer Reverse Primer

Hprt1 GCAAACTTTGCTTTCCCTGGTT CAAGGGCATATCCAACAACA
Nlrp3 CTCCAACCATTCTCTGACCAG ACAGATTGAAGTAAGGCCGG
Il1α TGCAGTCCATAACCCATGATC ACAAACTTCTGCCTGACGAG
Il1β ACGGACCCCAAAAGATGAAG TTCTCCACAGCCACAATGAG
Il6 CAAAGCCAGAGTCCTTCAGAG GTCCTTAGCCACTCCTTCTG

4.7. Statistical Analysis

The results are expressed as means ± SD of the number of mice. Power analysis
was performed to choose the sample size. The analysis indicated that a sample size of
3–5 mice/group for evaluations of retinal degeneration in the mouse retinas would provide
at least 80% power (1-β) for a two-sided, two-sample t-test at a 0.05 alpha level. One-way
ANOVA was used for significance within sets of data, followed by Dunnett’s multiple
comparisons test. Unpaired Student’s t-test/Mann–Whitney test was used to test for
differences between two groups of data. Data were analyzed using non-parametric tests.
Differences were considered statistically significant when p < 0.05. Data were analyzed
and graphed using GraphPad Prism® software version 10.4.2 (GraphPad Software, San
Diego, CA, USA).

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms26178154/s1.
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