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PURPOSE. Digoxin, a major medication for heart disease, was recently reported to have
immunosuppressive capacity. Here, we determined the immunosuppressive capacity of
digoxin on the development of experimental autoimmune uveitis (EAU) and on related
immune responses.

METHODS. The B10.A mice were immunized with interphotoreceptor retinoid-binding
protein (IRBP) and were treated daily with digoxin or vehicle control. On postimmuni-
zation day 14, the mouse eyes were examined histologically, while spleen cells were tested
for cytokine production in response to IRBP and purified protein derivative. The
immunosuppressive activity of digoxin was also tested in vitro, by its capacity to inhibit
development of Th1 or Th17 cells. To investigate the degenerative effect of digoxin on the
retina, näıve (FVB/N 3 B10.BR)F1 mice were similarly treated with digoxin and tested
histologically and by ERG.

RESULTS. Treatment with digoxin inhibited the development of EAU, as well as the cellular
response to IRBP. Unexpectedly, treatment with digoxin suppressed the production of
interferon-c to a larger extent than the production of interleukin 17. Importantly, digoxin
treatment induced severe retinal degeneration, determined by histologic analysis with
thinning across all layers of the retina. Digoxin treatment also induced dose-dependent vision
loss monitored by ERG on näıve mice without induction of EAU.

CONCLUSIONS. Treatment of mice with digoxin inhibited the development of EAU and cellular
immune response to IRBP. However, the treatment induced severe damage to the retina. Thus,
the use of digoxin in humans should be avoided due to its toxicity to the retina.
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Digoxin has been used to treat heart disease for many
decades, due to its positive inotropic effect on the heart

via the plasmalemmal Naþ/Kþ ATPase.1,2 However, digoxin is a
broad acting drug, and, when administered orally, acts
systemically with toxic effects.3–6 Side effects in humans have
been reported to include instances of disturbed vision and
photoreceptor dysfunction.7,8 A recent Nature paper reported
that digoxin is an efficient inhibitor of experimental autoim-
mune encephalomyelitis (EAE), an animal model for multiple
sclerosis, and suggested that digoxin and the family of derived
compounds could be used for treatment of autoimmune
conditions.9

Noninfectious uveitis, an umbrella term for various intraoc-
ular inflammatory diseases, is one of the leading causes of
vision loss in developed countries.10–12 Treatments for these
conditions are still lacking, consisting mostly of broad
immunosuppressants.13 It is commonly assumed that autoim-
munity plays a major role in many of these eye conditions,14,15

and the search for more targeted medications is carried out
mostly in experimental animals in which an inflammatory eye
disease, experimental autoimmune uveitis (EAU), is in-
duced.15–17 Experimental autoimmune uveitis in mice is
induced by immunization with the retinal interphotoreceptor
retinoid-binding protein (IRBP),15,18 or peptides from its

sequence.19 Recent studies have shown that EAU is mediated
by both Th1 and Th17 cells,20,21 with Th17 cells reported to be
responsible for sustained intraocular inflammation.22,23 The
study of Huh et al.,9 mentioned above, reported that digoxin is
able to bind to the ligand binding domain of retinoic acid
receptor (RAR)-related orphan receptor gamma (RORc)t, the
major transcription factor responsible for the generation of
Th17 cell lineages,24 by acting as an inverse agonist to reduce
the level of transcription of RORct.25,26 Huh et al.9 suggested,
therefore, that in their EAE model, the major target of digoxin
are the immunopathogenic Th17 cells.

Digoxin treatment of mice developing EAU was found in the
present study to inhibit the ocular inflammatory process and
the cellular response to IRBP. In addition, however, digoxin
caused severe thinning of the retina, primarily affecting the
photoreceptor cell layer. The extent of the retinal damage was
also analyzed by ERG.

MATERIALS AND METHODS

Mice

For the EAU model, female B10.A mice were purchased from
Charles River Laboratories, Inc. (Frederick, MD, USA), while the
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studies on digoxin toxicity were performed on (FVB/N 3
B10.BR)F1 mice, bred at the National Eye Institute (NEI) animal
facility. (These hybrid mice were generated as ‘‘byproducts’’ of
breeding carried out for other studies.27,28) All mice were
housed in a pathogen-free facility and all manipulations were
performed in compliance with the National Institutes of Health
Resolution on the Use of Animals in Research and the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. The experimental procedures used in this study
were approved by the NEI Animal Care and Use Committee,
under NEI Animal Study Protocols NEI-555 and NEI-624.

Induction of EAU

We induced EAU in female B10.A mice, aged 6 to 10 weeks, by
immunization with IRBP as described elsewhere,29,30 with
minor modifications. The mice were immunized with 40 lg
bovine IRBP emulsified with complete Freund’s adjuvant (CFA)
and injected subcutaneously into the base of the tail and both
thighs. In addition, the mice were injected intraperitoneally
with 0.2 lg pertussis toxin (List Laboratories, Campbell, CA,
USA). On postimmunization (pi) day 14, mice were euthanized
and eyes were collected for histopathologic examination.
Spleens were collected for assessment of the specific cellular
immune response.

Treatment With Digoxin

Digoxin (Sigma-Aldrich Corp., St. Louis, MO, USA) was
dissolved in DMSO and diluted in PBS to 1% DMSO for
injection. Mice were treated with digoxin daily (1 or 2 mg/kg.),
administered intraperitoneally, on pi days 1 through 13 and
euthanized on pi day 14. Control mice were similarly treated
with 1% DMSO.

Histologic Analysis

Eyes were fixed in 4% glutaraldehyde for 30 minutes before
being transferred to 10% formalin until processing. Eye tissues
were embedded in methacrylate, and stained with hematoxylin
and eosin. Severity of ocular inflammation in the IRBP-
immunized mice was evaluated, on a scale of 0 to 4, as
described elsewhere.29,30

Cytokine Production

Cytokine production by splenocytes from the immunized mice
was measured as detailed elsewhere.29,30 Briefly, cells were
cultured in 24-well plates at 5 3 106 cells per well in 1 mL
medium, with the indicated stimulants, IRBP and purified
protein derivative (PPD [tuberculin]; Parke-Davis, Morris
Plains, NJ, USA). Culture supernatants were collected after a
48-hour incubation, and the levels of interleukin (IL)-17 and
interferon (IFN)-c were measured by ELISA kits, (R&D Systems,
Minneapolis, MN, USA).

Test for Digoxin Effects on Lymphocytes In Vitro

Näıve mouse CD4 spleen cells, purified by T-cell columns
(R&D Systems) followed by MACS beads (Miltenyi Biotec,
Bergisch Gladbach, Germany), were stimulated by incuba-
tion in 24-well culture plates coated with anti-CD3 and anti-
CD28 antibodies (BD Bioscience, San Jose, CA, USA). The
coating antibodies were added to the wells at 1 mg/mL and
the free antibodies were removed before the cells suspen-
sion was added. The cells were cultured at 5 3 106 per well,
in a total volume of 1 mL of RPMI 1640 medium
supplemented with HL-1 (Lonza, Walkersville, MD, USA).

Digoxin, dissolved in DMSO, was added to the cell cultures
at the indicated concentrations and DMSO at the corre-
sponding dilutions was used as controls. The supernatants
were collected following incubation of 48 hours. Levels of
IL-17 and IFN-c in the supernatants were measured by ELISA,
as described above.

Assessment of Retinal Damage in Digoxin-Treated
Naı̈ve Mice: Histology

Näıve (FVB/N 3 B10.BR)F1 mice were treated with digoxin as
described above. Eyes of the mice were collected for
histopathologic examination, as detailed above. The effect
of digoxin treatment on the retina was assessed by measuring
the thickness of six layers (i.e., outer segment layer [OSL],
outer nuclear layer [ONL], outer plexiform layer [OPL], inner
nuclear layer [INL], inner plexiform layer [IPL] and ganglion
cell layer [GCL]). Thickness measurements were performed
on eye sections of vehicle-treated controls and of treated
mice, collected on days 6 and 14 of digoxin treatment.
Measurements were performed using eye sections of 2 mice
of each group, at different points, 0.5 to 1.0 mm from the
optic nerve head.

Assessment of Retinal Damage in Digoxin-Treated
Naı̈ve Mice: ERG

Retinal function was evaluated by ERG, using commercial
equipment (Espion E2 system with ColorDome and Rodent
table; Diagnosys LLC, Lowell, MA, USA). Electroretinography
data were recorded on days 7 and 14 of the treatment.
Following overnight dark adaptation, animals were sedated
with intraperitoneal (IP) injection of a ketamine and xylazine
mixture, 76.8 mg/kg and 4.6 mg/kg, respectively. Details of
ERG recording procedures were described in Reference 31.

Statistical Analysis

To allow comparison of ELISA data across multiple experi-
ments with lymphocytes from treated mice, the results were
normalized 0 to 1 with feature scaling,32 where:

X 0 ¼ xi � xmin

xmax � xmin
:

Statistical significance was determined using unpaired t-
tests with P � 0.05, as determined by the Holm-Sidak method.
Where nonnormal distributions were compared, the Mann-
Whitney U test was used. For the comparison among groups of
mice tested for ERG responses, a multiple t-test was used.

RESULTS

Digoxin Treatment Inhibits EAU Induction

To determine the ability of digoxin to inhibit the induction of
EAU, we immunized groups of B10.A mice with IRBP and
treated them daily with digoxin or vehicle control for 13 days.
The mouse eyes, collected on day 14, were analyzed
histologically and the accumulated data are summarized in
Figure 1A. Histologic scoring shows a significant difference (P
< 0.0001) between the groups treated with digoxin and their
controls; eyes from control mice exhibit more inflammation
than the digoxin-treated mice. Figure 1B shows typical
histologic eye sections of a digoxin-treated mouse and a
control mouse. Inflammatory changes are seen in the control
eye, whereas essentially no inflammation is seen in the eye of
the treated mouse.
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Digoxin Treatment Inhibits Cytokine Production
by Spleen Cells

Experimental autoimmune uveitis is initiated by helper T (Th)
cells, specifically of the Th17 and Th1 subtypes, which act in
large part by releasing their signature cytokines, IL-17, and IFN-
c, respectively.20,21 To assess the immunomodulatory effects of
digoxin on the Th17 and Th1 populations in vivo, we cultured
spleen cells of immunized mice with IRBP, the uveitogenic
protein, and PPD, a component of CFA, and measured in the
culture supernatants the levels of IL-17 and IFN-c. Data of three
individual experiments are summarized in Figure 2, which
shows the mean cytokine levels 6 SEM in the different
cultures. Significantly lower levels of IFN-c were measured in
cultures of spleen cells from digoxin-treated mice compared
with their controls. The differences between the two groups in
their IL-17 production, however, were insignificant.

Digoxin Selectively Inhibits Th17 Cell
Development in an In Vitro System

Digoxin inhibits immune responses by selectively blocking the
activity of RORct,9 the key transcription factor for the

differentiation of Th17 lineages.24 The finding that splenocytes
from mice treated with digoxin exhibited significant inhibition
of IFN-c expression, but just moderately reduced IL-17
production was, therefore, unexpected. To further analyze
this observation, we examined the effect of digoxin in an in
vitro system in which näıve CD4 cells are activated by anti-
CD3/CD28 antibodies and concurrently acquire polarity
toward either the Th1 or Th17 phenotypes. Data of a
representative experiment are shown in Figure 3 and
demonstrate that digoxin selectively inhibited the production
of IL-17, but had no suppressive effect on the production of
IFN-c. This observation thus verifies the selective inhibitory
effect of digoxin against the development of Th17, but not
Th1. The unexpected observation in our study, of inhibitory
effect of digoxin on IFN-c production in vivo is further dealt
with in the Discussion section, below.

Digoxin Treatment Causes Retinal Degeneration

Histologic analysis of eyes from the digoxin-treated mice
revealed that, in addition to reduction in inflammatory changes
in eyes developing EAU, treatment with digoxin also caused
remarkable thinning of the retina (Fig. 1). To further analyze
this effect of digoxin, we examined histologically eyes of
controls and digoxin-treated mice without induction of EAU.
Eye sections of representative mice, collected on days 6 and 14
of treatment with digoxin at 2 mg/kg, are shown in Figure 4A.

FIGURE 1. Induction of EAU is inhibited by treatment with digoxin.
The B10.A mice immunized with IRBP were treated daily with digoxin
at 2 mg/kg and their eyes were collected on pi day 14 and analyzed for
histologic changes. (A) Mean histopathologic changes in mice treated
with digoxin and their vehicle-treated controls (n¼ 20 in each group).
*P � 0.0001. (B) Representative sections of a treated and a control
mouse eyes. The changes in the control eye include inflammatory cells
infiltrating through the optic nerve head and retinal blood vessels, as
well as lymphoid cells in the vitreous. In contrast, essentially no
inflammatory changes are seen in the digoxin-treated mouse eye, but
the retina of this mouse exhibits severe thinning.

FIGURE 2. Reduced cytokine production by lymphocytes of digoxin-
treated mice. Spleen cells from B10.A mice immunized with IRBP and
treated with digoxin or vehicle control were cultured with PPD and
IRBP. Their release of IFN-c and IL-17 was measured by ELISA. The data
of three repeated experiments were normalized and averaged across
these experiments. The secretion of both cytokines was lower in
digoxin-treated splenocyte cultures than in their controls, but the
differences reached significance only for IFN-c secretion. *P � 0.05. **P
� 0.001.
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Remarkable levels of tissue damage are seen in eyes of the
treated mice, indicated by the substantial thinning of retinal
tissue in the treated mice, compared with the control eye
sections. Substantial thinning is seen on day 6 and further
severe damage is apparent on day 14 of treatment. In order to
quantify the thinning process, we measured the thickness of
individual six retinal layers, as presented in Figure 4B. The
most affected layers were those of the photoreceptor cells,
with the OSL showing the damage earlier than the ONL. The
originally thin OPL could not be defined on day 14, whereas
lower degrees of thinning were noted in the INL and the IPL.
The ganglion cell layer was the least affected layer, with
thinning measured only on day 14 of treatment.

Digoxin Causes Loss of Visual Function

To analyze the effect of digoxin treatment on the visual
function of the mice, we conducted ERG analysis on days 7 and
14 of daily treatment. A summary of ERG results (Fig. 5A)
shows a dose-dependent loss of visual function. Reductions of
ERG responses with digoxin treatments were observed under
both dark- and light-adapted conditions. For b-wave amplitudes
of dark- and light-adapted ERG, mice treated with 2 mg/kg
digoxin showed lower peak potential than mice treated with 1
mg/kg digoxin, than did mice treated with vehicle control (1%
DMSO). For a-wave amplitudes of dark-adapted ERG, mice
treated with both 1 mg/kg and 2 mg/kg digoxin had similar
peak amplitudes which were much lower than those from the
control mice.

Electroretinography waveforms of a representative experi-
ment are shown in Figure 5B. Although there were significant
reductions in the amplitudes of the responses, waveforms were
similar among those recorded from control and treated animals
under both dark- and light-adapted conditions. Figure 5C
compares mean amplitudes of dark-adapted ERG a- and b-wave
and light-adapted b-wave amplitudes recorded at day 7 and day
14 of treatment, and demonstrates that, interestingly, the
degree of visual function did not change significantly between
these time points, despite the continued daily treatment with
digoxin.

DISCUSSION

Results reported here show that treatment with digoxin
inhibits the development of EAU in mice immunized with
IRBP. It is of note that inflammation in control mouse eyes
averaged only 1.07 6 0.22, levels that are lower than those in a
previous study with B10.A mice.29 The unusually low levels of
inflammatory changes in mice of the present study could be
attributed at least in part to the microbiome of these mice. The
effect of the microbiome on the immune response is well
established (see reviews in Refs. 33 and 34) and it is assumed
that the microbiome of the mice in the present study was
different from that of the mice in the cited study,29 since the
mice of the two studies were housed in different animal

FIGURE 3. Digoxin selectively suppresses IL-17 production in cultures
of näıve CD4 cells stimulated by anti-CD3/CD28 antibodies. Digoxin
was added at the indicated concentrations to cultures of näıve CD4
spleen cells stimulated with the antibodies as detailed in the ‘‘Materials
and Methods’’ section. Supernatants were collected following 48-hour
incubation and the levels of IFN-c and IL-17 were determined by ELISA.
Data shown were collected in a representative experiment; similar data
were collected in two additional experiments. *P < 0.005.

FIGURE 4. Treatment with digoxin reduces retinal thickness. Näıve
(FVB/N 3 B10.BR)F1 mice were treated daily with digoxin at 2 mg/kg,
or with the vehicle, and were euthanized on days 6 or 14 of treatment.
(A) Histologic sections of eyes of representative control and treated
mice, as indicated. Gradual thinning of the retinas in the digoxin-
treated mice, with the photoreceptor layers showing the most severe
damage. (B) Quantification of the damage in the digoxin-treated eyes,
determined by thinning of the six retinal layers. The outer segment
layer and ONL, as well as the OPL are affected more than the INL and
IPL, while the GCL is the least affected. *P < 0.001.
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facilities. Indeed, we have shown in another study that mice of
the same line differ in their EAU development when housed in
different facilities35 and microbial products were found to
facilitate ocular autoimmune processes.36

The immunosuppressive mechanism of digoxin in the EAU
system was analyzed by comparing spleen cells of mice treated
with the compound or with the vehicle for their production of
IFN-c and IL-17, the signature cytokines for Th1 and Th17,
respectively.22,23 Unexpectedly, the production of IFN-c�by

spleen cells from the digoxin-treated mice was remarkably
inhibited, whereas no significant differences were noted
between the two groups in their IL-17 production. This
observation contradicts the known mode of action of digoxin
(i.e., selective inhibition of Th17 development).9 The selectiv-
ity of digoxin’s inhibitory effect was verified; however, in our
mouse system by showing that the compound inhibits the
generation of Th17 cells but not of Th1 cells, when added to
cultures in which both subpopulations are concurrently

FIGURE 5. Treatment with digoxin affects the ERG responses in mouse eyes. (FVB/N 3 B10.BR)F1 hybrid mice were treated daily for 14 days with
digoxin at 1 or 2 mg/kg or with vehicle control. (A) Mean a- and b-wave peak intensities of electroretinography waveforms, taken on day 14 of
treatment, dark- and light-adapted responses from all experiments. *P � 0.05, **P � 0.001. Controls: n¼ 16; 1 mg/kg, n¼ 6; 2 mg/kg, n¼ 20. (B)
Representative ERG waveforms elicited by the highest intensity light flashes in each sequence (dark- or light-adapted) from mice that received 1 mg/
kg, 2 mg/kg digoxin, or vehicle control. (C) Comparison of mean a- and b-wave amplitudes recorded on days 7 and 14 of digoxin treatment, dark-
and light-adapted responses from a representative experiment. n ¼ 8 for each group.
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generated from näıve CD4 cells (Fig. 3). The unexpected
observation with spleen cells from immunized mice treated
with digoxin could be explained by the plasticity of Th17 cells;
these cells readily acquire Th1 phenotype in immunized
animals, as reported by our group and others.37–39 We suggest
that the subpopulation of Th17 cells that switched phenotype
in the immunized mice in our study contribute substantially to
the total IFN-c in the splenocyte cultures and that these cells
are highly susceptible to the digoxin cytotoxic effect, so that
their elimination brings about the remarkable reduction in IFN-
c levels in these cultures. This notion is in line with the finding
of Xiao et al.,40 that the double phenotypic Th cells that
increased substantially in their proportion in mice immunized
for EAE induction, are highly susceptible to the immunosup-
pressive effects of TMP778, another RORct inhibitor.

Due to digoxin’s cytotoxic properties, namely, its ability to
inhibit Naþ/Kþ ATPase, its effects on the retina are drastic. It is
of note that the dose of digoxin used in our study, as well as in
the mentioned study of Huh, et al.9 (2 mg/kg) is higher by
more than 2 orders of magnitude than doses used to treat heart
failure in humans [280–1120 times higher].6 The reason that
such a relatively high dose should be applied in mice is due to
the amino acid polymorphisms in murine Naþ/Kþ ATPase,
which makes mice profoundly more resistant to digoxin’s
effects than its human counterpart ATPase.41,42 Therefore, the
daily dose used in mice in the present study and in the one by
Huh et al.9 was accordingly calibrated to be equivalent in its
toxic capacity to the median range of doses given to humans.

Huh et al.9 did not notice any toxic effects of digoxin in the
treated mice, but the eye was found in the present study to be
highly susceptible to the toxicity of this compound when given
at the same dosage (2 mg/kg). The toxicity of digoxin was
particularly damaging to the retina, with essentially all layers
losing cells and volume and becoming dramatically thinner, as
demonstrated in Figure 4. Consequently, digoxin treatment
affected the animal vision, as indicated by ERG analysis,
indicating considerable levels of vision loss in a dose-
dependent manner: mice treated with only 1 mg/kg digoxin
retained greater ERG b-wave than those mice treated with 2
mg/kg (Fig. 5). It is also of interest that the damage in retinal
function remained constant between days 7 and 14 for mice
treated with digoxin, despite the continued daily treatment
with the compound (Fig. 5C). This suggests that the damage
inflicted upon the retina by the dose of digoxin used here may
not increase past a certain level, indicating that dose-
dependence is of greater importance than time-dependence
for digoxin toxicity.

Digoxin is not the only compound to affect the ROR family
of molecules. As reviewed by Solt and Burris,25 many
compounds act nonspecifically on the ROR ligand binding
domain. Synthetic analogs of digoxin such as SR1001, SR2211,
and TMP778, now being evaluated for use in humans, are able
to bind to RORct specifically, but do not possess the cytotoxic
properties of digoxin, namely, inhibition of the plasmalemmal
Naþ/Kþ ATPase.

In summary, our study shows that digoxin may reduce uveal
inflammation, but its cytotoxic properties also cause retinal
degeneration, leading to loss of visual function. Therefore, not
only is digoxin just an improper therapeutic choice for uveitis,
but treatment with this compound should be avoided in
humans with heart disease, as to avoid causing retinal
degeneration in an otherwise healthy eye.

Acknowledgments

The authors thank the National Eye Institute Histology Core for
tissue section preparations and the Biological Imaging core for
digital photography.

Supported by the Intramural Research Program of the National Eye
Institute, National Institutes of Health.

Disclosure: S.J.H. Hinshaw, None; O. Ogbeifun, None; W.S.
Wandu, None; C. Lyu, None; G. Shi, None; Y. Li, None; H. Qian,
None; I. Gery, None

References

1. Bauman JL, Didomenico RJ, Galanter WL. Mechanisms,
manifestations, and management of digoxin toxicity in the
modern era. Am J Cardiovasc Drugs. 2006;6:77–86.

2. Ehle M, Patel C, Giugliano RP. Digoxin: clinical highlights: a
review of digoxin and its use in contemporary medicine. Crit

Pathw Cardiol. 2011;10:93–98.

3. Hunt SA, Abraham WT, Chin MH, et al. ACC/AHA 2005
guideline update for the diagnosis and management of chronic
heart failure in the adult: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines (writing committee to update the 2001 guidelines
for the evaluation and management of heart failure): devel-
oped in collaboration with the American College of Chest
Physicians and the International Society for Heart and Lung
Transplantation: endorsed by the Heart Rhythm Society.
Circulation. 2005;112:e154–e235.

4. Heart Failure Society of America. Executive summary: HFSA
2006 comprehensive heart failure practice guideline. J Card

Fail. 2006;12:10–38.

5. See I, Shehab N, Kegler SR, Laskar SR, Budnitz DS. Emergency
department visits and hospitalizations for digoxin toxicity:
United States, 2005 to 2010. Circ Heart Fail. 2014;7:28–34.

6. Kanji S, MacLean RD. Cardiac glycoside toxicity: more than
200 years and counting. Crit Care Clin. 2012;28:527–535.

7. Weleber RG, Shults WT. Digoxin retinal toxicity. Clinical and
electrophysiological evaluation of a cone dysfunction syn-
drome. Arch Ophthalmol. 1981;99:1568–1572.

8. Madreperla SA, Johnson MA, Nakatani K. Electrophysiologic
and electroretinographic evidence for photoreceptor dysfunc-
tion as a toxic effect of digoxin. Arch Ophthalmol. 1994;112:
807–812.

9. Huh JR, Leung MWL, Huang P, et al. Digoxin and its derivatives
suppress TH17 cell differentiation by antagonizing RORct
activity. Nature. 2011;472:486–490.

10. Nussenblatt RB. Bench to bedside: new approaches to the
immunotherapy of uveitic disease. Int Rev Immunol. 21:273–
289.

11. Nussenblatt RB, Whitcup SM. Uveitis: Fundamentals and

Clinical Practice. 4th ed. St. Louis, MO: Mosby Elsevier; 2010.

12. BenEzra D. Ocular Inflammation: Basic and Clinical

Concepts. London: Martin Dunitz, Ltd.; 1999.

13. Whitcup SM, Nussenblatt RB. Treatment of autoimmune
uveitis. Ann N Y Acad Sci. 1993;696:307–318.

14. Lee RW, Nicholson LB, Sen HN, et al. Autoimmune and
autoinflammatory mechanisms in uveitis. Semin Immunopa-

thol. 2014;36:581–594.

15. Caspi RR. A look at autoimmunity and inflammation in the eye.
J Clin Invest. 2010;120:3073–3083.

16. Bodaghi B, Rao N. Relevance of animal models to human
uveitis. Ophthalmic Res. 2008;40:200–202.

17. Forrester JV, Klaska IP, Yu T, Kuffova L. Uveitis in mouse and
man. Int Rev Immunol. 2013;32:76–96.

18. Caspi RR, Roberge FG, Chan CC, et al. A new model of
autoimmune disease. Experimental autoimmune uveoretinitis
induced in mice with two different retinal antigens. J

Immunol. 1988;140:1490–1495.

19. Mattapallil MJ, Silver PB, Cortes LM, et al. Characterization of a
new epitope of IRBP that induces moderate to severe

Digoxin Inhibits EAU but Causes Degeneration IOVS j March 2016 j Vol. 57 j No. 3 j 1446



uveoretinitis in mice with H-2b haplotype. Invest Ophthalmol

Vis Sci. 2015;56:5439–5449.

20. Luger D, Silver PB, Tang J, et al. Either a Th17 or a Th1 effector
response can drive autoimmunity: conditions of disease
induction affect dominant effector category. J Exp Med.
2008;205:799–810.

21. Perez VL, Caspi RR. Immune mechanisms in inflammatory and
degenerative eye disease. Trends Immunol. 2015;36:354–363.

22. Cox CA, Shi G, Yin H, et al. Both Th1 and Th17 are
immunopathogenic but differ in other key biological activities.
J Immunol. 2008;180:7414–7422.

23. Shi G, Ramaswamy M, Vistica BP, et al. Unlike Th1, Th17 cells
mediate sustained autoimmune inflammation and are highly
resistant to restimulation-induced cell death. J Immunol.
2009;183:7547–7556.

24. Ivanov II, McKenzie BS, Zhou L, et al. The orphan nuclear
receptor RORgammat directs the differentiation program of
proinflammatory IL-17þ T helper cells. Cell. 2006;126:1121–
1133.

25. Solt LA, Burris TP. Action of RORs and their ligands in
(patho)physiology. Trends Endocrinol Metab. 2012;23:619–
627.

26. Fujita-Sato S, Ito S, Isobe T, et al. Structural basis of digoxin that
antagonizes RORgamma t receptor activity and suppresses
Th17 cell differentiation and interleukin (IL)-17 production. J

Biol Chem. 2011;286:31409–31417.

27. Shi G, Vistica BP, Nugent LF, et al. Differential involvement of
Th1 and Th17 in pathogenic autoimmune processes triggered
by different TLR ligands. J Immunol. 2013;191:415–423.

28. Tan C, Ramaswamy M, Shi G, Vistica BP, Siegel RM, Gery I.
Inflammation-inducing Th1 and Th17 cells differ in their
expression patterns of apoptosis-related molecules. Cell

Immunol. 2011;271:210–213.

29. Nugent LF, Shi G, Vistica BP, Ogbeifun O, Hinshaw SJH, Gery
IITE. A novel endogenous nontoxic aryl hydrocarbon receptor
ligand, efficiently suppresses EAU and T-cell-mediated immu-
nity. Invest Ophthalmol Vis Sci. 2013;54:7463–7469.

30. Wandu WS, Tan C, Ogbeifun O, et al. Leucine-Rich Repeat
Kinase 2 (Lrrk2) Deficiency Diminishes the Development of
Experimental Autoimmune Uveitis (EAU) and the Adaptive
Immune Response. PLoS One. 2015;10:e0128906.

31. Chen J, Qian H, Horai R, Chan CC, Falick Y, Caspi RR.
Comparative analysis of induced vs. spontaneous models of
autoimmune uveitis targeting the interphotoreceptor retinoid
binding protein. PLoS One. 2013;8:e72161.

32. Siebert JC, Inokuma M, Waid DM, et al. An analytical workflow
for investigating cytokine profiles. Cytometry A. 2008;73:289–
298.

33. Belkaid Y, Hand TW. Role of the microbiota in immunity and
inflammation. Cell. 2014;157:121–141.

34. Bartman C, Chong AS, Alegre ML. The influence of the
microbiota on the immune response to transplantation. Curr

Opin Organ Transplant. 2015;20:1–7.

35. Montalvo V, Quigley L, Vistica BP, et al. Environmental factors
determine DAP12 deficiency to either enhance or suppress
immunopathogenic Processes. Immunology. 2013;140:475–
482.

36. Fujimoto C, Yu C-R, Shi G, et al. Pertussis toxin is superior to
TLR ligands in enhancing pathogenic autoimmunity, targeted
at a neo-self antigen, by triggering robust expansion of Th1
cells and their cytokine production. J Immunol. 2006;177:
6896–6903.

37. Shi G, Cox CA, Vistica BP, Tan C, Wawrousek EF, Gery I.
Phenotype switching by inflammation-inducing polarized
Th17 Cells, but not by Th1 cells. J Immunol. 2008;181:
7205–7213.

38. Muranski P, Restifo NP. Essentials of Th17 cell commitment
and plasticity. Blood. 2013;121:2402–2414.

39. Harbour SN, Maynard CL, Zindl CL, Schoeb TR, Weaver CT.
Th17 cells give rise to Th1 cells that are required for the
pathogenesis of colitis. Proc Natl Acad Sci U S A. 2015;112:
7061–7066.

40. Xiao S, Yosef N, Yang J, et al. Small-molecule RORct antagonists
inhibit T helper 17 cell transcriptional network by divergent
mechanisms. Immunity. 2014;40:477–489.

41. Price EM, Lingrel JB. Structure-function relationships in the
Na,K-ATPase alpha subunit: site-directed mutagenesis of
glutamine-111 to arginine and asparagine-122 to aspartic acid
generates a ouabain-resistant enzyme. Biochemistry. 1988;27:
8400–8408.

42. Beheshti Zavareh R, Lau KS, Hurren R, et al. Inhibition of the
sodium/potassium ATPase impairs N-glycan expression and
function. Cancer Res. 2008;68:6688–6697.

Digoxin Inhibits EAU but Causes Degeneration IOVS j March 2016 j Vol. 57 j No. 3 j 1447


	f01
	f02
	f03
	f04
	f05
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42

