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Myopia is a leading cause of visual impairment and blindness
worldwide. However, a safe and accessible approach for myopia
control and prevention is currently unavailable. Here, we investi-
gated the therapeutic effect of dietary supplements of omega-3
polyunsaturated fatty acids (ω-3 PUFAs) on myopia progression in
animal models and on decreases in choroidal blood perfusion
(ChBP) caused by near work, a risk factor for myopia in young
adults. We demonstrated that daily gavage of ω-3 PUFAs (300 mg
docosahexaenoic acid [DHA] plus 60 mg eicosapentaenoic acid
[EPA]) significantly attenuated the development of form depriva-
tion myopia in guinea pigs and mice, as well as of lens-induced
myopia in guinea pigs. Peribulbar injections of DHA also inhibited
myopia progression in form-deprived guinea pigs. The suppression
of myopia in guinea pigs was accompanied by inhibition of the
“ChBP reduction–scleral hypoxia cascade.” Additionally, treatment
with DHA or EPA antagonized hypoxia-induced myofibroblast
transdifferentiation in cultured human scleral fibroblasts. In
human subjects, oral administration of ω-3 PUFAs partially allevi-
ated the near-work–induced decreases in ChBP. Therefore, evi-
dence from these animal and human studies suggests ω-3 PUFAs
are potential and readily available candidates for myopia control.

ω-3 PUFAs j choroidal blood perfusion j scleral hypoxia j myofibroblast
transdifferentiation j myopia

The myopia epidemic is now becoming a significant public
health concern to modern society (1, 2). The percentage of

the global population having myopia was predicted to increase
from 28.3% in 2010 to 49.8% in 2050 (3). In East Asia, this per-
centage could even reach 90%, with up to 20% of the cases
potentially developing into high myopia (refraction ≤�6 diop-
ters [D]) (4, 5), which is one of the leading causes of irrevers-
ible blindness (6). The dramatic increase in the incidence of
myopia, due in part to COVID-19 home confinement and
increased online-viewing time, further highlights the impor-
tance of identifying a safe and effective approach to myopia
control (7, 8).

Behavioral, pharmacological, and optical interventions are the
current approaches for myopia control, all of which have unique
limitations. Behavioral intervention (such as increasing the time
spent outdoors) retards the progression of myopia into high
myopia (9). However, competitive educational systems, as well
as lifestyles that incorporate increasingly more electronic prod-
ucts (the prevalence of which tends to reduce the amount of
time spent outdoors), are hard to avoid. Pharmacological inter-
vention, such as the use of atropine drops, is effective in limiting
myopia progression. Its use, however, is off-label in most areas,
and widespread acceptance is restricted because of the potential
side effects such as chronic pupillary dilatation, loss of accom-
modation, and declining long-term effectiveness for sustained
myopia control (10–12). Mori et al. reported that the dietary

intake of crocetin, a naturally occurring apocarotenoid dicarbox-
ylic acid found in crocus and other plants, could prevent myopia
development in a mouse model and in children (13, 14), but
more clinical studies are needed to prove the efficacy and safety
of this agent. Optical corrections such as orthokeratology and
peripheral defocusing lenses suffer from risks of infectious kera-
titis (15) and the requirement of professional support (16). Such
limitations are critical, considering the implications of employing
these approaches in a larger population, especially where the
availability of medical services is limited.

Thus, targeting multiple signaling cascades that promote the
development of myopia, from retinal image processing to scleral
growth, may be an effective strategy for myopia control. Previous
studies have highlighted the significance of the cascade of events
wherein the reduction of choroidal blood perfusion (ChBP,
refers to the amount of choroidal blood flow) induces scleral
hypoxia and myopia (17–20). The cascade begins when visual
stimulus–induced myopic blur causes a reduction of choroidal
thickness (ChT) and ChBP (20). In turn, these physiological
changes induce hypoxia in the sclera, which is dependent on oxy-
gen delivered by the choroidal vasculature (21). Hypoxia acti-
vates the hypoxia-induced factor-1α (HIF-1α) signaling pathway,
which subsequently promotes scleral fibroblast-myofibroblast
transdifferentiation and extracellular matrix (ECM) remodeling
and in turn the development and progression of myopia (17).
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In the absence of effective treatments, and given the addi-
tional safety considerations when administering therapeutic
agents to children (who are most vulnerable to myopia develop-
ment), investigation into a dietary supplement for a safe and
accessible approach for myopia control and prevention
becomes compelling. However, research in this area is still new.
Because of the beneficial effect of supplemental dietary omega-
3 polyunsaturated fatty acids (ω-3 PUFAs) on cardiovascular
health, daily supplements have been recommended for intake
by the Food and Agriculture Organization of the United
Nations (2010), which endorses the use of two types of ω-3
PUFAs, videlicet, 250 mg/day each of docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) for adults (22). Mam-
malian brains are invariably rich in DHA (23), and numerous
studies have defined the importance of ω-3 PUFAs, particularly
DHA, in human neuronal development in different develop-
mental stages (24–26). Recently, an untargeted mass spectro-
metric assay reported that the amounts of serum fatty acid
metabolites were reduced in myopic human subjects compared
to nonmyopic subjects (27). In particular, the levels of serum
DHA were significantly lower in the myopic group (27). DHA
and EPA can promote relaxation of vascular smooth muscle
cells and vasodilation (28–31), inhibit cancerous cell growth
and survival by reducing HIF-1α expression (32–34), and sup-
press transforming growth factor (TGF)-β1–mediated myofi-
broblast transdifferentiation (35–37). These effects of DHA
and EPA are also known to be associated with the inhibition of
myopia development.

The effects of ω-3 PUFAs on systemic conditions and on
myopic subjects, combined with their involvement in mediating
blood perfusion, HIF-1α, and cellular proliferation, prompted
us to investigate if ω-3 PUFAs could suppress myopia develop-
ment through modulating ChBP and scleral hypoxia. Thus, in
this study, we first assessed the ability of ω-3 PUFAs supple-
mentation to suppress myopia development in different animal
models. We then examined the effects of DHA and EPA on
ChBP and scleral hypoxia. We also determined if DHA or EPA
could antagonize the effects of hypoxia on cultured human
scleral fibroblasts (HSFs). Finally, we administered ω-3 PUFAs
supplements to humans and observed their influence on near-
work–induced ChBP reduction.

Results
Daily Gavage of ω-3 PUFAs Reduced Myopia Progression in Guinea
Pigs and Mice. To assess the effect of ω-3 PUFAs on myopia
development, we first determined if oral gavage of ω-3 PUFAs
(DHA 300 mg plus EPA 60 mg) could inhibit myopia develop-
ment in guinea pigs and mice. Neither the olive oil control
(with a low content of PUFAs) nor the ω-3 PUFAs had signifi-
cant effects on refraction, anterior chamber depth (ACD), lens
thickness (LT), vitreous chamber depth (VCD), axial length
(AL), or radius of the corneal curvature (RCC) during normal
refractive development in guinea pigs (SI Appendix, Fig. S1
A–F). Additionally, olive oil had no significant effects on refrac-
tion, ACD, LT, VCD, AL, or body weight during form depriva-
tion (FD) compared to the control guinea pig group (FD only,
no supplements) (Fig. 1 A–C and SI Appendix, Fig. S2 A–C).

After 1 and 2 wk of FD, significant FD myopia (FDM) was
induced in all the FD-only, olive oil–treated, and ω-3
PUFA–treated guinea pigs (Fig. 1A). However, after 2 wk of
treatment with ω-3 PUFAs, the induced myopic refractive error
was 31.9% lower in the ω-3 PUFAs–treated group than in the
olive oil–treated group (P < 0.01; Fig. 1A). The VCD and AL
elongations were significantly smaller in the ω-3 PUFA–treated
than in the control and olive oil–treated eyes (Fig. 1 B and C).
Guinea pigs subjected to lens-induced myopia (LIM) also pre-
sented with significant reductions in myopia and AL elongation,

but not VCD increase, upon ω-3 PUFAs treatment (Fig. 1 D–F).
Interocular differences in ACD, LT, and body weight were not
significantly different between the ω-3 PUFAs–treated group
and their counterparts treated with olive oil, in either FDM (SI
Appendix, Fig. S2 A–C) or LIM (SI Appendix, Fig. S2 D–F)
groups.

We then performed similar experiments using the FDM
model in mice. After 1 wk of FD, the development of myopic
refractive error was 28.1% lower in the ω-3 PUFAs–treated
group than in the olive oil–treated group (P < 0.05, Fig. 1G).
However, there were no significant differences in VCD and AL
(Fig. 1 H and I), and the interocular differences in ACD and
LT, and body weights, were also not significantly different
between the two groups (SI Appendix, Fig. S2 G–I).

Additionally, we tested the effects of lower doses of ω-3
PUFAs on FDM development in guinea pigs. After 2 wk of
treatment using a 10th of the original dose (1/10 ω-3 PUFAs),
that is, DHA 30 mg plus EPA 6.0 mg, the differences in myopic
refraction, as well as the inhibition of AL and VCD elongation,
were similar to those seen in the original high-dose group (1/1
ω-3 PUFAs), that is, DHA 300 mg plus EPA 60 mg (SI
Appendix, Fig. S3 A–C). However, at a 100th of the original ω-3
PUFAs dose (1/100 ω-3 PUFAs), that is, DHA 3.0 mg plus EPA
0.6 mg, there were no effects on these parameters. Further-
more, interocular differences in ACD, LT, and body weight
were not significantly affected by either of the reduced-dose
treatments (SI Appendix, Fig. S3 D–F).

Overall, these results demonstrate that daily gavage of ω-3
PUFAs, at the chosen doses, significantly suppressed FDM or
LIM development in both guinea pigs and mice.

Peribulbar Injection of DHA-Attenuated Myopia Progression in
Guinea Pigs. Having shown that orally administered ω-3 PUFAs
reduced myopia progression, we then determined if specific
types of ω-3 PUFAs (e.g., DHA and EPA) delivered as peribul-
bar injections (SI Appendix, SI Materials and Methods), had sim-
ilar effects on FDM development in guinea pigs.

After 1 and 2 wk of treatment, FD induced significant myo-
pic refractions in vehicle-treated eyes and in the low-dose
(1 mg/day) and the high-dose (3 mg/day) DHA-treated eyes
(Fig. 2A). However, after 2 wk of treatment, myopia progres-
sion in the high-dose group was 35.3% less than that in the
vehicle-treated group (P < 0.01; Fig. 2A). This inhibitory effect
was accompanied by significant inhibition of the induced
increases in both VCD and AL (Fig. 2 B and C). For compari-
son with standard treatments, we also administered atropine as
a positive control. Atropine (0.1%) reduced the myopic refrac-
tive error by 35.6% compared with the vehicle (P < 0.01; Fig.
2A), demonstrating that the inhibitory effect of high-dose DHA
was similar to that of atropine. Interocular differences in ACD,
LT, and RCC were not significantly different between the
atropine-treated eyes and the vehicle controls (SI Appendix,
Fig. S4 A–C).

Although the effect of 3.0 mg/d EPA followed a similar trend
to that of 0.1% atropine in inhibiting FDM (Fig. 2D) and
reducing the increases of VCD and AL (Fig. 2 E and F), the
differences in myopia inhibition, VCD increase, and AL elon-
gation between 3.0 mg/d EPA and the vehicle control were not
significant (P = 0.13, P = 0.08, and P = 0.13, respectively; Fig. 2
D–F). Interocular differences in ACD, LT, and RCC between
the EPA-treated eyes and vehicle controls were also not signifi-
cant (SI Appendix, Fig. S4 D–F).

Taken together, these results indicate that in guinea pigs,
DHA significantly suppressed FDM progression, but EPA had
no significant inhibitory effect when given by peribulbar injec-
tion at the doses used.
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DHA and EPA Levels Were Dysregulated during Myopia Progression
in Guinea Pigs. To further study the levels of DHA and EPA dur-
ing FDM development, we measured DHA and EPA levels in
serum, sclera, and retina in guinea pigs at different stages of
myopia development. Lipid metabolism in humans follows a
circadian rhythm (38); therefore, for the optimal times to mea-
sure the DHA and EPA levels in guinea pigs after 2 d of FD,
we chose 10:00, which represents the initial stages of visual
input during the day, and 18:00, which represents later stages
of visual input. Thus, the notation “2D-10:00” implies that FD
was begun at 10:00 and that the tissue samples were collected 2
d later at 10:00. Similarly, the notation “2D-18:00” implies that

FD started at 18:00 and ended 2 d later at the same time. To
measure the metabolic changes due to long-term FD, that is,
after 1 wk, we sampled them only at 10:00.

In guinea pigs that were exposed to FD for 2 d, we observed
decreases in serum DHA levels at 18:00 (Fig. 3A) and in serum
EPA levels at 1000 (Fig. 3B), compared to the non-FD controls.
The scleral DHA levels at 2D-10:00 were reduced compared to
those in fellow eyes and in non-FD controls (Fig. 3C). Scleral
EPA levels were reduced not only at 2D-10:00 but also at 2D-
18:00 relative to those in non-FD controls or their fellow eyes
(Fig. 3D). In contrast, retinal DHA levels were increased com-
pared to those in the fellow eyes and/or non-FD controls at

Fig. 1. Daily gavage of ω-3 PUFAs (DHA 300 mg plus EPA 60 mg) inhibited the myopic shift of refraction and elongation of VCD and AL in FDM- and
LIM-treated guinea pigs and FDM-treated mice. (A–C) Interocular differences in refraction (A), VCD (B), and AL (C) in FDM guinea pigs. (D–F) Interocular
differences in refraction (D), VCD (E), and AL (F) in LIM guinea pigs. (G–I) Interocular differences in refraction (G), VCD (H), and AL (I) in FDM mice. Results
are presented as means 6 SEs of the means. n = 12, 16, and 17 guinea pigs for FDM-only, olive oil, and ω-3 PUFAs groups, respectively, in A–C; n = 7 and
8 guinea pigs for olive oil control and ω-3 PUFAs, respectively, in D–F; n = 21 mice for both the olive oil control and ω-3 PUFAs groups in G–I. *P < 0.05,
**P < 0.01, and ***P < 0.001: significant differences between ω-3 PUFAs and olive oil–treated groups in two-way repeated measures ANOVA with Bonfer-
roni post hoc tests. W, week(s). Values for each individual eye are given in SI Appendix, Table S1. The detailed statistical data, including the F-values and
degrees of freedom, are given in SI Appendix, Table S2.
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both 2D-10:00 and 2D-18:00 (Fig. 3E). The retinal EPA levels
were also increased compared to those in non-FD controls at
2D-18:00 (Fig. 3F). In general, the levels of DHA and EPA
were decreased in serum and sclera and increased in retina
after 2 d of FD. However, after 1 wk of FD, the differences in
DHA and EPA levels in the serum, sclera, and retina were no
longer significant (Fig. 3 A–F)

Thus, the DHA and EPA levels in serum, sclera, and retina
were dysregulated during the early stage of FD in guinea pigs.

Gavage of ω-3 PUFAs Selectively Increased Serum and Scleral DHA
and EPA. We then measured the levels of DHA and EPA in
guinea pig sera, scleras, and retinas after giving ω-3 PUFAs or
olive oil by gavage. Olive oil had no significant effect on the lev-
els of DHA and EPA in the three tissues (Fig. 4 A–F). How-
ever, serum DHA and EPA levels were increased 3 h after ω-3
PUFAs gavage and were sustained for 12 h after gavage (Fig. 4
A and B). Scleral DHA content was significantly increased 3
and 6 h after ω-3 PUFA supplementation (Fig. 4C), but scleral
EPA remained unchanged at all intervals (Fig. 4D). After DHA
gavage, retinal DHA levels were unaltered for 6 h but were
lower than those in the olive oil group after 12 h (P < 0.01; Fig.
4E). Retinal EPA levels remained unchanged at all intervals
(Fig. 4F). These data show that gavage of ω-3 PUFAs selec-
tively elevated the serum DHA and EPA levels and scleral
DHA levels.

ω-3 PUFAs Inhibited the ChBP Reduction–Scleral Hypoxia Cascade
during Myopia Development. To investigate the mechanisms
underlying the protective effect of ω-3 PUFAs on myopia
development, we determined if gavage of ω-3 PUFAs could

modulate ChT and ChBP during the development of FDM in
guinea pigs. Earlier, we reported that an increase in ChT and
ChBP was accompanied by inhibition of scleral hypoxia and
slowing of myopia progression (19). ChT and ChBP signal
points were imaged by optical coherence tomography (OCT;
Fig. 5A) and OCTangiography (OCTA; Fig. 5B; details of OCT
and OCTA are provided in SI Appendix, SI Materials and
Methods). After 2 wk of FD, both the ChT and ChBP were sig-
nificantly decreased in the olive oil–treated group (Fig. 5 C and
D), but the changes in ChT and ChBP were significantly
reduced in the ω-3 PUFAs group compared to the olive oil
group (P < 0.01; Fig. 5 C and D). We also tested the effects of
using a tenth of the original ω-3 PUFAs dose (1/10 ω-3
PUFAs), that is, DHA 30 mg plus EPA 6.0 mg, on ChT and
ChBP. For both parameters, the outcomes were like those of
the original high dose (1/1 ω-3 PUFAs), that is, DHA 300 mg
plus EPA 60 mg (SI Appendix, Fig. S5 A and B). Finally, ω-3
PUFAs at the original high dose also inhibited the reduction of
ChTand ChBP in the LIM guinea pigs (Fig. 5 E and F).

We then determined the effects of peribulbar injections of
DHA and EPA on ChT and ChBP. Earlier reports showed that
inhibition of human myopia development by atropine is accom-
panied by suppression of the correlated decline in ChT (39, 40);
therefore, we used atropine treatment as a positive control. Com-
pared with the vehicle injection, 2 wk of DHA injections (both
low and high doses) significantly inhibited FD-induced declines
in ChT (Fig. 5G). Only the high dose of DHA significantly inhib-
ited the decline in ChBP (Fig. 5H). However, EPA injections
did not significantly inhibit the FD-induced decreases in ChT
and ChBP (Fig. 5 I and J), which is consistent with the lack of
myopia and ocular growth inhibitions by EPA (Fig. 2 D–F).

Fig. 2. Daily peribulbar injection of DHA and EPA inhibited the FD-induced myopic shift and elongation of VCD and AL in guinea pigs. (A–C) Interocular
differences in refraction (A), VCD (B), and AL (C) in DHA-injected FDM guinea pigs. (D–F) Interocular differences in refraction (D), VCD (E), and AL (F) in
EPA-injected FDM guinea pigs. Results are presented as means 6 SEs of the means. n = 13, 12, 13, and 14 guinea pigs for vehicle control, 1 mg DHA, 3 mg
DHA, and 0.1% atropine in A–C; n = 16, 14, 17, and 14 guinea pigs for vehicle control, 1 mg EPA, 3 mg EPA, and 0.1% atropine in D–F. #P < 0.05 and ##P <
0.01: significant differences between vehicle- and 0.1% atropine–treated groups; *P < 0.05, **P < 0.01: significant differences between vehicle- and DHA-
or EPA-treated groups in two-way repeated measures ANOVA with Bonferroni post hoc test. W, week(s). Values for each individual eye are given in SI
Appendix, Table S3. The detailed statistical data, including the F-values and degrees of freedom, are given in SI Appendix, Table S4.
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Atropine also significantly inhibited the FD-induced declines in
ChT and ChBP (Fig. 5 G–J). The above results demonstrate
that DHA, but not EPA, inhibits myopia development by limit-
ing the declines in ChTand ChBP, and they show that the anti-
myopia actions of DHA are similar to those of atropine at a
clinically relevant dose.

Declines in ChBP are associated with scleral hypoxia and an
increase in scleral HIF-1α protein content (18). These changes
can trigger scleral myofibroblast transdifferentiation and ECM
remodeling, leading to myopia-associated expansion of the pos-
terior sclera (18). To test for a role of ω-3 PUFAs in this pro-
cess, we determined the effect of ω-3 PUFA gavage on scleral
HIF-1α protein levels. In the control group fed with olive oil,
the levels of scleral HIF-1α in the FD-treated eyes (FD-T) were
higher than those in the fellow eyes (FD-F) (P < 0.05; Fig. 5 K
and L). However, this increase was suppressed in FD-T eyes of
guinea pigs fed with ω-3 PUFAs, compared to the FD-F eyes
(Fig. 5 K and L).

Similar inhibition of the FD-induced increase in HIF-1α
protein levels was also present after peribulbar injection of
DHA or EPA. In the vehicle control group, HIF-1α levels
were higher in the scleras of FD-T eyes than of FD-F eyes
(P < 0.01; Fig. 5 M and N). However, DHA or EPA treatment
suppressed this increase in FD-T eyes compared with FD-F
eyes (Fig. 5 M and N).

The results of these experiments are consistent with the
hypothesis that ω-3 PUFAs, especially DHA, inhibit the ChBP
reduction–scleral hypoxia cascade during myopia development.

Both DHA and EPA Antagonized Hypoxia-Induced Transdifferentia-
tion of HSFs. Scleral fibroblasts are involved in scleral ECM
remodeling and myopia progression (41). To explore the poten-
tial effects of DHA and EPA on scleral ECM remodeling, we
studied the effects on the in vitro hypoxic response of HSFs.
HSFs were treated with different doses of DHA or EPA for
24 h and then incubated under 21% O2 (normoxia) or 5% O2

Fig. 3. Alterations in DHA and EPA levels in serum, sclera, and retina of FD guinea pigs and non-FD controls that received no other treatment: serum
DHA and EPA levels (A and B), scleral DHA and EPA levels (C and D), and retinal DHA and EPA levels (E and F) in non-FD controls and FD guinea pigs.
Each data point represents one individual guinea pig. Results are presented as means 6 SEs of the means. n = 12 guinea pigs for each group in A–F. *P <
0.05 and ***P < 0.001; data in A and B were assessed by unpaired two-tailed t tests; data in C–F were analyzed by two-way ANOVA with Bonferroni’s
post hoc tests. W, week(s); NC, non-FD control guinea pigs; FD-F, form-deprived fellow eyes; FD-T, form-deprived treated eyes. The detailed statistical
data, including the F-values and degrees of freedom, are given in SI Appendix, Table S5.
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(hypoxia) for another 48 h. Hypoxia significantly increased
HIF-1α protein content in the HSFs (Fig. 6 A and B). Consis-
tent with the results of our previous studies (18), in the normal
control (NC) group, hypoxia reduced the levels of collagen type
1α1 (Fig. 6 A and C), whereas it increased the levels of myofi-
broblast marker α-smooth muscle actin (α-SMA; Fig. 6 A and
D). In the hypoxic environment, neither DHA nor EPA had a
significant effect on HIF-1α content, compared to that in the
NC group (Fig. 6 A and B). However, DHA (20 μM) and EPA
(5 μM) suppressed the hypoxia-induced declines in collagen
levels (Fig. 6 A and C), and both doses of DHA and EPA signif-
icantly suppressed the hypoxia-induced increases in α-SMA lev-
els (Fig. 6 A and D).

Overall, these results suggest that both DHA and EPA sup-
pressed myofibroblast transdifferentiation and restored the pro-
tein levels of collagen in HSFs in a hypoxic environment.

Oral Administration of ω-3 PUFAs Partially Inhibited Near-
Work–Induced Declines in ChBP in Human Subjects. Excessive near
work has been proposed as a risk factor for human myopia
(5, 42), and it induces declines in ChBP that may be responsible
for this condition (18, 43). Therefore, we studied the effect
of ω-3 PUFAs (DHA 600 mg plus EPA 120 mg) on near-
work–induced declines in ChBP in human young adults

(Fig. 7A). Prior to delivery of the supplements, near work had
no significant effect on ChT (Fig. 7B and SI Appendix, Fig.
S6B) or extravascular stromal area (Fig. 7C and SI Appendix,
Fig. S6C). This indicates that near work had little effect on
overall ChT or on the area of the choroidal stroma not occu-
pied by blood vessels. However, near work led to significant
decreases in the choroidal vascularity index (Fig. 7D and SI
Appendix, Fig. S6D) and vascular luminal area (Fig. 7E and SI
Appendix, Fig. S4E). Simultaneously, near work significantly
increased the choriocapillaris flow deficit, that is, regions having
no blood flow signals (Fig. 7F and SI Appendix, Fig. S4F), indi-
cating that near work induced declines in ChBP in humans. On
the other hand, ω-3 PUFAs supplements significantly attenu-
ated the declines in choroidal vascularity index (Fig. 7D) but
had no significant effect on luminal area (Fig. 7E) or the cho-
riocapillaris flow deficit (Fig. 7F).

Therefore, these results suggest that ω-3 PUFAs partially
improve the near-work–induced declines in ChBP in human
subjects.

Discussion
This study provides evidence that ω-3 PUFAs can play a protec-
tive role in myopia. Here, we demonstrated that the metabo-
lism of ω-3 PUFAs was dysregulated in experimental myopia

Fig. 4. Distribution of DHA and EPA in serum, retina, and sclera at intervals after gavage of ω-3 PUFAs (DHA 300 mg plus EPA 60 mg) in guinea pigs. (A
and B) Changes in DHA and EPA levels in serum. (C and D) Changes in DHA and EPA levels in sclera. (E and F) Changes in DHA and EPA levels in retina.
Results are presented as means 6 SEs of the means. n = 6 for each group in A–F; *P < 0.05, **P < 0.01: significant differences between olive oil– and ω-3
PUFAs–treated groups at each designated interval; unpaired two-tailed t tests.

6 of 12 j PNAS Pan et al.
https://doi.org/10.1073/pnas.2104689118 Dietary ω-3 polyunsaturated fatty acids are protective for myopia

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104689118/-/DCSupplemental


www.manaraa.com

Fig. 5. Effects of ω-3 PUFAs (DHA 300 mg plus EPA 60 mg) on ChT, ChBP, and scleral HIF-1α protein levels during myopia development in guinea pigs. (A)
OCT B-scan (lateral scan) image. Green line shows the interior surface of the choroid and blue the exterior surface. O, optic disk; ChT, nasal: A, A', B, B';
ChT, temporal: C, C', D, D'. (B) OCTA image. Yellow points in the defined regions of interest represent the ChBP signal. ChT (C) and ChBP (D) after 2 wk
of FD plus olive oil or ω-3 PUFAs administration. ChT (E) and ChBP (F) after 2 wk of LIM and olive oil or ω-3 PUFAs administration. ChT (G) and ChBP (H)
after 2 wk of vehicle control, 1.0 μg DHA, 3.0 μg DHA, or 0.1% atropine injection in FD eyes. ChT (I) and ChBP (J) after 2 wk of vehicle control, 1.0 μg EPA,
3.0 μg EPA, or 0.1% atropine injection in FD eyes. (K and L) Levels of HIF-1α content as determined by Western blot analysis after 2 wk of FD and daily
gavage of ω-3 PUFAs. (M and N) Levels of HIF-1α protein as determined by Western blot analysis, after 2 wk of FD and vehicle, 3.0 mg DHA, or EPA injec-
tion. Results are presented as means 6 SEs of the means. #P < 0.05 and ##P < 0.01: significant differences between vehicle- and 0.1% atropine–treated
groups; *P < 0.05 and **P < 0.01: significant differences between vehicle- and DHA- or EPA-treated groups. Data in C–F were assessed by unpaired two-
tailed t tests; n = 15 and 13 guinea pigs for olive oil and ω-3 PUFAs gavage FD groups in C and D; n = 6 and 7 guinea pigs for olive oil and ω-3 PUFAs
gavage in LIM groups in E and F. Data in G–J were assessed by one-way ANOVA with Bonferroni’s post hoc tests; n = 11, 12, 12, and 11 guinea pigs for
vehicle, 1 mg DHA, 3 mg DHA, and 0.1% atropine in G and H, respectively; n = 12, 13, 13, and 11 guinea pigs for vehicle, 1 mg EPA, 3 mg EPA, and 0.1%
atropine in I and J, respectively; data in K–N were assessed by two-way repeated measures ANOVA with Bonferroni post hoc tests; n = 6 for olive oil and
ω-3 PUFAs gavage groups in L; n = 10 for DHA- and EPA-injected groups in N. FD-F: FD fellow eye; FD-T: FD-treated eye. Values for each individual eye
are given in SI Appendix, Table S6. The detailed statistical data, including the F-values and degrees of freedom, are given in SI Appendix, Table S7.
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models. ω-3 PUFAs, especially DHA, suppressed myopia devel-
opment, inhibited myopic ChBP decreases, and attenuated
scleral hypoxia. Furthermore, in human young adults, the
decrease in ChBP induced by near work (a proposed myopia
risk factor) was partially alleviated by dietary ω-3 PUFAs.

ω-3 PUFAs Attenuated Myopia Progression in Different
Experimental Models. Mixtures of ω-3 PUFAs containing DHA
and EPA have been reported to provide health benefits in
human subjects such as hepatoprotection (44) and antifibrosis
(45). In the current study, we found that scleral DHA and EPA
levels were decreased in myopic guinea pigs. Furthermore, we
showed that oral administration of ω-3 PUFAs significantly sup-
pressed FDM and LIM development in guinea pigs, as well as
FDM in mice. In addition, peribulbar injections of DHA inhib-
ited myopia development in guinea pigs. Previous studies
showed that combined usage of DHA and EPA has significant
human health benefits (46, 47). However, we did not assess the
combined effects of EPA and DHA in different proportions on
myopia development, and thus, further studies are required to
explore the optimal dosage and ratio of DHA and EPA for
human myopia control.

Our study showed that scleral DHA and EPA levels were
reduced after 2 d of FD and returned to baseline after 1 wk of
FD in guinea pigs. This suggests that the metabolic changes in
ω-3 PUFAs occur during the initial stages of myopia develop-
ment, so that an early intervention targeting the PUFAs could
ameliorate the onset and progression myopia. Such initial
changes in DHA and EPA levels are comparable to those seen
with intense light, wherein increasing the amount of time spent
outdoors (exposure to sunlight) reduces the onset of myopia in
children (48, 49). Early intervention is particularly important
because children who have developed myopia and are continu-
ally exposed to myopic stimuli such as increased near work
are more likely to progress toward sight-threatening, high
myopia (50).

Interestingly, in animals with FDM, the levels of DHA and
EPA were increased in the serum and sclera but decreased in
the retina. DHA is abundant in the retina, in which it accounts
for ∼50 to 60% of the total fatty acid content within the outer
segments of rod photoreceptors. There, it plays important roles
in the synthesis of disk membranes where it provides an appro-
priate environment for conformational changes in rhodopsin
and where it modifies the activity of retinal enzymes (51). A
deficiency of DHA in the retina disturbs membrane fluidity and
function and could alter the process of outer segment renewal
(51). In guinea pigs, it also leads to changes in retinal function,
resulting in low ERG amplitudes (52). The retina has a com-
plex and effective recycling system that ensures conservation of
retinal DHA levels even during periods of prolonged dietary
ω-3 PUFAs deficiency (53). It may be that the decrease of
serum DHA level enhances adaptation of the retina to meta-
bolic stress. In any case, the metabolism and functions of ω-3
PUFAs in the retina are very complex and well beyond the
scope of the present study. Further investigations are needed to
understand the roles of ω-3 PUFAs in the regulation of eye
growth and myopia progression and to identify the mechanisms
of action, thus increasing our understanding of the function of
ω-3 PUFAs while laying solid foundations for therapeutic use in
human myopia.

ω-3 PUFAs Might Suppress Myopia Progression by Inhibiting the
ChBP Reduction–Scleral Hypoxia Cascade. ω-3 PUFAs have been
reported to regulate hypertension through vasodilatory effects
(54), and dietary ω-3 PUFAs retarded the development of
hypertension in rat models (55). Limbu et al. demonstrated
that DHA and EPA induced vasodilation of aortic and mesen-
teric resistance arteries in rats (28), and ω-3 PUFAs improved
coronary vasodilation in heart transplant recipients (31). These
effects of DHA or EPA on vasodilation may be related to
their regulation of nitric oxide and angiotensin-II production
(56, 57).

Fig. 6. The effect of DHA and EPA on hypoxia-dependent events in HSFs. (A) Western blot analysis showing the protein levels of HIF-1A, COL1A1, and
α-SMA in HSFs treated with DHA/EPA and under 21% (normoxic) or 5% (hypoxic) oxygen levels. (B–D) The bar graph represents protein levels of HIF-1A
(B), COL1A1 (C), and α-SMA (D) (n = 4), relative to NC (cells treated with ethanol); α-tubulin was used as the loading control. Results are presented as
means 6 SEs of the means. *P < 0.05, **P < 0.001, and ***P < 0.001; two-way ANOVA with Bonferroni’s post hoc tests. The detailed statistical data,
including the F-values and degrees of freedom, are given in SI Appendix, Table S8.
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In the ocular system, multiple studies have documented sig-
nificant declines in ChT and ChBP during myopia induction in
various experimental animal models (19, 20, 58) as well as
humans (43, 59), and these changes might subsequently trigger
scleral hypoxia and the ensuing myopia (18). In line with the
vasodilation role of ω-3 PUFAs in the cardiovascular system
and with choroidal changes during myopia, the present study
showed that gavage of ω-3 PUFAs or peribulbar injections of
DHA ameliorated the FD- and lens-induced declines in ChT
and ChBP, followed by the inhibition of FDM-associated
increases in scleral HIF-1α protein levels. These results in
rodent models suggest that DHA mitigates ChBP reduction
and scleral hypoxia and consequently suppresses myopia.
Another intervention that was found to retard myopia develop-
ment and inhibit choroidal thinning in children was crocetin
intake (14); however, the mechanism by which this apocarote-
noid dicarboxylic acid works is as yet unknown.

Our in vitro studies showed that both DHA and EPA sup-
pressed hypoxia-induced myofibroblast transdifferentiation and
offset declines in collagen levels in cultured HSFs without affect-
ing HIF-1α up-regulation. This HIF-1α–independent effect is
supported by previous studies in liver and kidney, demonstrating
that DHA directly relieves fibrosis by suppressing TGF-
β1–mediated myofibroblast transdifferentiation (35–37). In addi-
tion, the current study showed that the scleral DHA levels in
guinea pigs were decreased after 2 d of FD, whereas the experi-
mental elevation of DHA levels resulted in inhibition of myopia.
This implies that the suppression of myopia by DHA might be
achieved by directly inhibiting scleral fibroblast–myofibroblast

transdifferentiation. Further studies are needed to determine if
DHA could alleviate myopia by modulating the scleral myofibro-
blast transdifferentiation in a TGF-β1–dependent pathway.

It is noteworthy that administration of ω-3 PUFAs induced
elevation of the DHA level in sclera but not in the retina. This
difference might be due to the avascularity of guinea pig retinas
or the slowing of drug delivery from choroid to retina by the
blood–retinal barrier function of the retinal pigment epithelium
(60). These results are consistent with the idea that DHA
might suppress myopia progression by specifically targeting
choroid–sclera interactions. At the same time, EPA diminished
the increases in scleral HIF-1α protein levels, but it did not
induce significant ChBP recovery or myopia inhibition, suggest-
ing the involvement of additional underlying mechanisms. The
above evidence for choroidal and scleral involvement further
supports the idea that ω-3 PUFAs suppressed myopia develop-
ment. Whether or not there are other targets such as the retina,
and what the detailed molecular mechanisms might be, will
need further investigation.

ω-3 PUFAs: A Candidate for Myopia Control? The current study
demonstrated that ω-3 PUFAs significantly inhibit the progres-
sion of experimental myopia in animal models and that oral
administration of ω-3 PUFAs partially suppressed the near-
work–induced declines of ChBP in human subjects. Of the
available myopia control measures, atropine has been studied
extensively (61, 62); however, because of the side effects, lack
of complete effectiveness, incomplete clarity regarding the
mechanism of action, and the long-term implications of its use

Fig. 7. Effects of ω-3 PUFAs (DHA 600 mg plus EPA 120 mg) on choroidal perfusion after near work in humans. (A) Schematic diagram of near-work
experimental flow. (B–F) Effects of ω-3 PUFAs on ChT (B), stromal area (C), choroidal vascularity index (D), luminal area (E), and flow deficit (F) after 40
min of reading. n = 31; box-plot diagrams showing data distribution; lines within the boxes indicate medians; bars indicate range; and blue and red dots
indicate outliers. *P < 0.05, significant differences between pre- and post–fish oil supplements, unpaired two-tailed t tests; #P < 0.05, significant differ-
ences between after and before 40 min near work, paired two-tailed t tests.
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(10, 63), it is necessary to find alternative means of myopia con-
trol. Accordingly, we compared the protective effects of 0.1%
atropine and DHA on the declines in ChBP and myopia devel-
opment. DHA (3.0 μg) was as effective as atropine in inhibiting
experimentally induced myopia in guinea pigs, thus providing a
potential alternative agent for limiting the progression of exper-
imental myopia. ω-3 PUFAs are easily accessible as oral
supplements and are safe even for pregnant women and babies
(64). In fact, the Institute of Medicine, Food and Nutrition
Board of the United Nations recommends intake levels of 0.5
to 0.9 g/day for children under 10 y old and 1.0 to 1.6 g/day for
adults (65). The American Heart Association recommends a
regular intake of either ω-PUFAs rich foods or oral supple-
ments (in consultation with a physician) for improvement of
cardiovascular health (66); however, these recommended dos-
ages of ω-3 PUFAs are determined for the safe development of
the brain and other neurological systems, and comparable data
are not available for ocular safety and efficacy (67). In our
study, the daily intakes of DHA and EPA for guinea pigs were
1.5 and 0.3 g/kg, respectively. According to the Km factors
between guinea pigs and humans (68), the corresponding dos-
age for humans would reach 300 mg/kg DHA, which is high by
clinical standards. Therefore, we lowered the oral dosages in
guinea pigs to a 10th and a 100th of the original dosage (i.e., to
DHA 30 mg plus EPA 6 mg and to DHA 3 mg plus EPA
0.6 mg, respectively) and studied the myopic ocular changes.
The 10-fold dose of ω-3 PUFAs resulted in similar inhibitions
of myopia and ocular growth, along with amelioration of ChT
and ChBP decreases, as seen with the original high dose. This
shows that the high dose and the 1/10 dose of the ω-3 PUFAs
were saturating and that a still lower dose might be effective. In
any case, the lower-dosage data provides only guidance for
human studies, as a basis for determining the safe and effective
doses of DHA and EPA for controlling human myopia. A
recent systematic metanalysis of 38 randomized controlled trials
highlighted the safety and the inhibitory effects of ω-3 PUFAs
on cardiovascular mortality and other cardiovascular outcomes
(69). One of the trials reported ω-3 PUFAs was associated with
a low risk of atrial fibrillation (5.4 incident cases per 1,000 peo-
ple/y) (70). Furthermore, compared with oral administration,
delivery of ω-3 PUFAs through eye drops might provide a bet-
ter choice for human myopia control in the future.

In the present study, we induced myopia and measured cho-
roidal parameters in juvenile guinea pigs during their stage of
most active eye growth. While it is generally recognized that
myopia progresses more rapidly in human children than in
adults (71), such a rapid ocular growth phase cannot be clearly
defined in humans during short-term recruitment. The concept
of ω-3 PUFAs administration and its marked effects in the
guinea pig model makes it a viable candidate for testing in
humans in longitudinal clinical studies. Ideal and safe drug dos-
ages need to be estimated before administering them to children,
and this will require further ethical and parental approval. In
any event, randomized controlled trials will be required to test
the hypothesis that administration of ω-3 PUFAs is an effective
and safe approach to controlling human myopia.

In conclusion, ω-3 PUFAs inhibited myopia progression in
guinea pigs and mice. The ω-3 PUFAs also inhibited
FD-induced changes in choroidal structure and vasculature,
as well as in scleral HIF-1α protein content. Such ω-3
PUFAs–induced changes could be critical for suppressing
scleral myofibroblast transdifferentiation and maintaining the
normal scleral ECM turnover that inhibits myopia develop-
ment. The partial attenuation of near-work–induced declines in
the choroidal vascularity index by ω-3 PUFAs supplements sug-
gests that ω-3 PUFAs may have a protective effect against
human myopia.

Materials and Methods
Animals. Animal treatment and care were approved by the Animal Care and
Ethics Committee at Wenzhou Medical University (wydw2020-0071). The
research protocols were conducted according to the Association for Research
in Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research. Guinea pigs and mice were used as animal models in this study. All
animals were reared in 12-h light (400 to 500 l×) and 12-h dark (0 l×) cycles
(incandescent lights on at 08:00 and off at 20:00). The room temperature was
maintained at 25 °C, and the animals had ad libitum access to food and water
throughout the experiment.

Animal Experimental Designs. We employed four experimental designs using
guinea pigs andmice:

1) Daily gavage of ω-3 PUFAs in 3-wk-old guinea pigs and mice. The guinea
pigs were randomly divided into five groups: 1) FD-only controls; 2) FDM
vehicle controls that received daily gavage of olive oil; 3) LIM vehicle con-
trols that received daily gavage of olive oil; 4) guinea pigs with FDM that
received daily gavage of ω-3 PUFAs, including ω-3 PUFAs containing DHA
300 mg plus EPA 60 mg (1/1 ω-3 PUFAs), ω-3 PUFAs containing DHA 30 mg
plus EPA 6.0 mg (1/10 ω-3 PUFAs), or ω-3 PUFAs containing DHA 3.0 mg
plus EPA 0.6 mg (1/100 ω-3 PUFAs); and 5) guinea pigs with LIM that
received daily gavage of ω-3 PUFAs containing DHA 300 mg plus EPA 60
mg. FDM mice, in contrast, were assigned to only two groups, which
received daily gavage of either the olive oil vehicle or the ω-3 PUFAs con-
taining DHA 112.5 mg plus EPA 22.5 mg.

2) Peribulbar injections in 3-wk-old FDM guinea pigs. The FDM guinea pigs
were randomly assigned to receive one of the following peribulbar injec-
tions: 1) vehicle, 2) low-dose DHA (1.0 mg), 3) high-dose DHA (3.0 mg), 4)
low-dose EPA (1.0 mg), 5) high-dose EPA (3.0 mg), or 6) 0.1% atropine.

3) Analysis of DHA and EPA levels in FDM in 3-wk-old guinea pigs. The guinea
pigs were randomly divided into three groups: 1) 2 d of FD starting and
ending at 10:00; 2) 2 d of FD starting and ending at 18:00; and 3) 1 wk of
FD starting and ending at 1000. DHA and EPA levels were measured in the
serum, sclera, and retina.

4) Analysis of DHA and EPA distribution after ω-3 PUFAs gavage in 3-wk-old
guinea pigs. The guinea pigs were randomly divided into eight groups,
and DHA and EPA distributions were determined at 0, 3, 6, or 12 h after
gavage with either olive oil or ω-3 PUFAs. DHA and EPA levels were mea-
sured in the serum, sclera, and retina.

Reagents. The source of ω-3 PUFAs was fish oil purchased from Nature’s
Way, Kids Smart. DHA and EPA (MedChemExpress) were dissolved sepa-
rately in 100% ethanol and stored at �80 °C. The stock solutions were
diluted in 0.9% NaCl to reach the final concentration immediately before
use. The concentration of ethanol in all final solutions was less than 0.1%.
Atropine sulfate monohydrate (≥97%) (Stanford Chemicals) was dissolved
in 0.9% NaCl solution.

Drug Preparation and In Vivo Injection, Gas Chromatography–Mass Spectrom-
etry, ChT and ChBP Measurement, In Vitro HSFs, and Western Blot Analysis.
Details of drug preparation and in vivo injection, gas chromatography–mass
spectrometry analysis, measurement of guinea pig ChT and ChBP, experimen-
tal hypoxia of in vitro HSFs, and Western blot analysis are provided in SI
Appendix, SI Materials andMethods.

Clinical Study. The clinical study was approved by the Ethics Committee of the
Eye Hospital of Wenzhou Medical University (2020-207-K-189-01) and was
conducted according to the tenets of the Declaration of Helsinki. Written
informed consentwas obtained from all participants. The study was registered
as a clinical trial (ChiCTR2000041340) on the Chinese Clinical Trial Registry
(https://www.chictr.org.cn/).

Participants were recruited from the Year-1 students at Wenzhou Medical
University. Those without histories of ocular surgeries, ocular diseases, diabe-
tes, hypertension, hematological diseases, with refraction <�1 D and >�6 D,
astigmatism <1 D in both eyes, and anisometropia <1 D, were invited to par-
ticipate in this clinical study. Besides measurements of body height andweight
as well as blood pressure, participants also received a comprehensive ocular
examination, including measurements of refraction, AL (IOLMaster 700, Carl
Zeiss Meditec), and intraocular pressure (TX-20, Canon), as well as fundus pho-
tography (VisuCam 224, Carl Zeiss Meditec), OCT (Cirrus 5000, Carl Zeiss Medi-
tec), and slit-lamp examination (BQ900, Haag-Streit Diagnostics). All the
examinations were performed by a group of certified clinicians. These param-
eters are presented in SI Appendix, Table S9.
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Participants watched 15 min of television at a “long” distance (3 m). Then,
ChT and choroidal capillary vessel density were estimated using OCTA
(VG200S, SVision) as previously described (72). Both horizontal and vertical
planes were scanned. Only the vertical data were presented in the results
because the trends in horizontal and vertical change were similar, as previ-
ously described (72). Following that, the subjects spent 40 min reading (Chi-
nese, fifth font in Microsoft YaHei) on an electronic display at “near” distance
(33 cm) (Matepad, Huawei), after which the OCTA was repeated. After the
measurements, each participant ingested two capsules of fish oil per day for
14 consecutive days (Nature’s Way), providing a daily dose of 600 mg DHA
plus 120 mg EPA. Choroidal parameters were measured again, before and
after 40 min of reading, on day 15 (Fig. 7A). All data were expressed as the
difference in values measured after the 40 min of reading minus the values
before the 40 min of reading, that is, Difference = valuepostreading –

valueprereading.

Statistics. All data were analyzed using SPSS software 16.0 (IBM, Armonk).
The Shapiro–Wilk normality test was used to analyze the distribution of
all data sets. Independent data sets were compared by unpaired two-
tailed t tests or nonparametric u tests. For multiple comparisons, one-way
ANOVA or two-way ANOVA with Bonferroni’s post hoc tests were used.

For multiple comparisons over time, two-way repeated-measure ANOVA
with Bonferroni’s post hoc tests were used. P < 0.05 was considered statis-
tically significant. Other descriptive statistics and tests are provided in the
figure legends or tables. For statistical differences that were close to P =
0.05, an original false discovery rate (FDR) method of Benjamini and Hoch-
berg was used to correct for multiple comparisons by controlling the FDR.

Data Availability. All study data are included in the article and/or SI Appendix.
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