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Mead acid supplementation does not rescue rats from cataract and 
retinal degeneration induced by N-methyl-N-nitrosourea
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Abstract: Fatty acids and their derivatives play a role in the response to ocular disease. Our current study investigated the effects of 
dietary mead acid (MA, 5,8,11-eicosatrienoic acid) supplementation on N-methyl-N-nitrosourea (MNU)-induced cataract and retinal 
degeneration in Sprague-Dawley rats. Experiment 1 was designed to inhibit cataract formation, with the dams fed a 2.4% MA or basal 
(<0.01% MA) diet during lactational periods. On postnatal day 7, male pups received a single intraperitoneal (ip) injection of 50 mg/kg 
MNU or vehicle. Lens opacity and morphology were examined 7 and 14 days after the MNU injection. Experiment 2 was designed to 
inhibit retinal degeneration and was performed with female postweaning rats. In this experiment, dams were fed the 2.4% MA or basal 
diet during the lactational periods. Thereafter, the female pups were continuously fed the same diets during their postweaning periods. 
On postnatal day 21 (at weaning), pups received a single ip injection of 50 mg/kg MNU. Retinal morphology was examined 7 days after 
the MNU injection. In experiment 3, six-week-old female rats were fed the 2.4% MA or basal diet starting at one week before the MNU 
injection and were then continuously fed the same diets until sacrifice. Rats at 7 weeks of age were given a single ip injection of 40 mg/
kg MNU, and the retina was then examined morphologically one week after the MNU injection. In experiment 1, mature cataract was 
found in all of the MNU-treated groups, with or without MA supplementation. In experiments 2 and 3, atrophy of both the peripheral 
and central outer retina occurred in all rats exposed to MNU, with or without MA supplementation, respectively. The severities of the 
cataracts and retinal atrophy in the rats were similar regardless of MA supplementation. Dietary mead acid, which is used as a substi-
tute in essential fatty acid deficiency in the body, does not modify MNU-induced cataract and retinal degeneration in rat models. (DOI: 
10.1293/tox.2014-0036; J Toxicol Pathol 2015; 28: 11–20)
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Introduction

As of 2012, it has been estimated that 285 million peo-
ple are visually impaired worldwide, with 39 million blind 
and 246 million with poor vision. According to estimates of 
the World Health Organization (WHO), the leading causes 
of chronic blindness are cataract (51%), glaucoma (8%), 
age-related macular degeneration (5%), childhood blindness 
including genetic disorders (4%), diabetic retinopathy (1%), 
and other causes (31%)1. VISION 2020, which is supported 
by the WHO Program for the Prevention of Blindness, is 
currently attempting to eliminate the main causes of blind-

ness by 2020 in order to ensure all people in the world have 
the right to sight, particularly the millions who will need-
lessly become blind1, 2. Retinitis pigmentosa (RP) is a hu-
man disease characterized by the loss of photoreceptor cells, 
especially rods, with the loss leading to visual disturbance 
and eventually to blindness3. The prevalence of RP is about 
1 in 4000, with about 2 million people affected worldwide. 
The majority of these patients will develop central posterior 
subcapsular cataracts4.

Animal models of cataract and retinal degeneration 
have been shown to be important tools for elucidating the 
mechanism of human blindness and exploring potential 
treatments5–7. N-methyl-N-nitrosourea (MNU) is an alkyl-
ating agent that targets the lens epithelial and photoreceptor 
cells, thereby rapidly inducing mature cataract and retinal 
degeneration in neonatal and adult rats, respectively7, 8. 
MNU-induced lens and retinal damage is due to selective 
7-methyldeoxyguanosine DNA adduct formation in the lens 
epithelial and photoreceptor cell nuclei, which leads to cell 
death via an apoptotic mechanism8, 9. The MNU-induced 
apoptosis cascade involves upregulation of the Bax protein, 
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down-modulation of the Bcl-2 protein, and activation of the 
caspase families. As one of the early signs of photorecep-
tor cell damage is disorientation of the outer segments, a 
decreased existence of PDE6β- and rhodopsin-labeled outer 
segments has been shown to be indicative of photorecep-
tor cell dysfunction in MNU-induced retinal degeneration 
in rats10. Several lens metabolites have been reported to be 
associated with MNU-induced cataract formation and de-
velopment. Since α-amino acids, glutathione, and taurine 
have been shown to exhibit substantial decreases during the 
formation of cataract, these metabolites might be marker 
candidates11. Furthermore, since the currently used models 
can mimic the cell death process in human cataract and RP6, 

12, they can be used for screening studies that examine po-
tential new therapeutic interventions.

The effects of dietary supplementation of an n-3 poly-
unsaturated acid (PUFA) such as docosahexaenoic acid 
(DHA) and an n-6 PUFA such as arachidonic acid (AA) 
on retinal disorders have been extensively investigated in 
human patients4, 6, 13 and in the MNU-induced retinal de-
generation models in rats5, 14. Supplementation with a 9.5% 
DHA-rich diet for 2 weeks prior to and after receiving MNU 
delayed progression of the MNU-induced photoreceptor 
damage in parallel with the serum DHA levels15. Admin-
istration of a 2.0% AA-rich diet during the gestation, lacta-
tion, and postweaning periods rescued rats from the retinal 
degeneration induced by MNU by inhibiting photoreceptor 
apoptosis14. However, few studies have investigated the ef-
fects of dietary supplementation of fatty acids on cataract. 
It has been reported that in humans, there is a 42% lower 
risk of cataract when subjects consume 0.5-1.42 g/day of n-3 
PUFA via seafoods16. In contrast, it has been reported that 
n-6 PUFA appears to lead to significant damage of human 
lens epithelial cells in culture5.

Saturated and monounsaturated fatty acids can be syn-
thesized de novo in most cells17. These fatty acids are used 
by the liver or transported as triglycerides, phospholipids 
and cholesterol esters to extrahepatic cells via very-low-
density lipoproteins. Regarding the synthesis of polyunsatu-
rated fatty acids such as DHA and AA, we need n-3 and n-6 
precursor fatty acids, namely, α-linolenic acid (18:3n-3) and 
linoleic acid (18:2n-6), respectively, which must be obtained 
from our diet. The ocular organ also has a synthesis and 
transporting system. Futterman et al. (1968) demonstrated 
a de novo synthetic pathway in animal retinal tissues18. The 
retina accumulates DHA, which is transported from the liv-
er via albumin19. Similarly, the lens has a de novo synthetic 
pathway20, and serum albumin works as a carrier of long-
chain fatty acids into the lens21.

Mead acid (MA, 20:3n-9; also referred to as 5,8,11-eico-
satrienoic acid) is an n-9 PUFA, and in adult animals it is a 
minor constituent of the plasma and tissue. During a state 
of essential fatty acid deficiency, adult mammals are able to 
synthesize MA from oleic acid22, 23. It was difficult to mass-
produce MA industrially until recent years, and therefore, 
only a few studies on pharmacological research have been 
published24–26. Large quantities of MA have been found in 

the cartilage, where it is responsible for helping to decrease 
osteoblastic activity, maintain the cartilage, and prevent 
ossification, in addition to inhibiting vascular endothelial 
growth factor (VEGF)-stimulated angiogenesis24, 25. MA 
has been shown to inhibit the growth of human breast can-
cer cell lines in both in vitro and in vivo models21. However, 
there have not been any investigations of the effect of the 
n-9 PUFA, MA, on ocular disease. Therefore, the goal of 
our present study was to elucidate the effect of dietary MA 
on MNU-induced cataract and retinal degeneration in rats.

Materials and Methods

Animal procedures
The experimental protocol and all animal procedures 

used in this study were approved by the Animal Care and 
Use Committee of Kansai Medical University and were in 
accordance with the guidelines for animal experimenta-
tion at Kansai Medical University. Animals were housed in 
plastic cages with paper-chip bedding (Paper Clean; SLC, 
Hamamatsu, Japan) in an air-conditioned room maintained 
at 22 ± 2°C and a relative humidity of 60 ± 10% with a 12 
hr light/dark cycle. The illumination intensity was below 60 
lux in the cages. For experiments 1 and 2, 9-week-old preg-
nant Sprague-Dawley (SD) rats [Crl:CD] (n=10) were pur-
chased from Charles River Laboratories Japan (Yokohama, 
Japan). Rats were maintained under specific pathogen-free 
conditions and had free access to water and a commercial 
pellet diet (CMF 30kGy; Oriental Yeast, Chiba, Japan) dur-
ing pregnancy. Offspring were culled to a maximum of 10 
per dam. Male and female pups were separated at the age of 
4 days and used in experiments 1 and 2, respectively. For ex-
periment 3, 6-week-old female rats (n=25) were purchased 
and used after a 1-week acclimatization period.

Chemical and dose formulation
MNU was obtained from Sigma-Aldrich (St. Louis, 

MO, USA), and kept at −80ºC in the dark. The MNU so-
lution was dissolved in physiologic saline containing 0.1% 
acetic acid just before use. MNU at a dose of 40 or 50 mg/kg 
or vehicle (physiological saline) was administered once by 
an intraperitoneal (ip) route.

MA-supplemented diet
The MA diet contained 5% SUNTGM33 (a kind gift 

from Suntory Wellness, Tokyo, Japan), which contains 
48.0% MA. SUNTGM33 is a microbial oil obtained by fun-
gal fermentation26. Olive oil purchased from Nacalai Tesque 
(Kyoto, Japan) was used for the basal diet given to the con-
trols. The fatty acid compositions of SUNTGM33 and olive 
oil are listed in our previously published study26. Each ex-
perimental diet was formulated by Oriental Yeast (Tokyo, 
Japan) and then stored at 4°C to prevent lipid oxidation be-
fore use. The basal and MA diets were given twice a week 
during the experiments in order to prevent lipid oxidation 
due to the temperature of the animal room.
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Experimental procedures
Figure 1 shows the experimental protocol scheme. Ex-

periment 1 was designed to inhibit cataract formation by 
MA supplementation, with the dams either fed the 2.4% MA 
or basal (<0.01% MA) diet during the lactational periods (for 
21 days) (Fig. 1). The lens is sensitive to MNU in neona-
tal rats. In our previous report9, cataracts occurred within 
seven days after 100 mg/kg MNU exposure in rats at 0 and 
5 days of age, and some of the rats died. Using a modified 
method from our previous study9, 48 male pups were given a 
single ip injection of 50 mg/kg MNU or vehicle on postnatal 
day 7. From our preliminary study, we selected 50 mg/kg, as 
it is not a lethal dose for rats at the age of seven days. At 7 
and 14 days after the injection, lens opacity and morphology 
of the rats in the MA diet group were compared with those 
of the rats in the basal diet group. Six randomly selected rats 
in each group were used for the analysis.

Experiment 2 was designed to inhibit retinal degen-
eration in postweaning rats. Many RP cases are diagnosed 
before birth by using genetic methods and/or a pedigree 
diagram, and clinical symptoms typically start in the early 
teenage years3, 6, 12. There is a possibility that the initiation 
of therapy in the infant period prevents or delays retinal 
damage in young people with RP. The protocol for Experi-
ment 2 mimicked the therapeutic strategy for these RP pa-
tients, as described in our previously published study14. The 
dams were fed the 2.4% MA or basal diet during the lacta-
tional periods (for 21 days), with the pups then continuously 
fed the same diets during the postweaning periods (for 7 
days) (Fig. 1). On postnatal day 21 (at weaning), female pups 
received a single ip injection of 50 mg/kg MNU, in accor-
dance with the method of our previously published study14. 
Retinal morphology was examined 7 days after the MNU 
injection. Five rats in each group were used for analysis. 
Experiment 2 additionally analyzed the concentration of 
fatty acids in the serum and ocular tissue (lens and retina) 
in three or four vehicle-treated rats who were also fed either 
the basal or MA diets.

Experiment 3 was designed to inhibit retinal degenera-
tion in adult rats. Six-week-old rats were fed the 2.4% MA or 
basal diet starting from one week before the MNU injection, 
with the same diets continued until sacrifice (total 14 days) 
(Fig. 1). The female rats were given a single ip injection of 
40 mg/kg MNU, and the retina was examined morphologi-
cally one week after the injection, in accordance with our 
previously published report8. The age of the rats and MNU 
dose were selected in accordance with a retinal degeneration 
model10, 12. Six or seven rats in each group were used for the 
analysis.

To evaluate the actual dosages of MA administered 
to the dams (experiments 1 and 2) and the adult rats (ex-
periment 3), body weight was measured once a week, while 
food consumption was measured twice a week. This made it 
possible to estimate the actual dosage of MA. All rats were 
anesthetized with isoflurane (Forane®; Abbot Japan, Tokyo, 
Japan) and sacrificed by exsanguination from an aortic tran-
section. All rats were observed daily during the experiments 

for clinical signs of toxicity in addition to being weighed at 
the time of MNU treatment and on the day of sacrifice. Both 
eyes were quickly removed at the time of sacrifice, and com-
plete necropsies were conducted on all animals.

Analysis of fatty acids in the serum, lens, and retina
After collection of the serum, lens, and retina from 

both eyes of the vehicle-treated rats that had been fed the 
respective diets, all specimens were stored at −80°C prior 
to lipid extraction and measurement of the fatty acid com-
position. Extraction of the total lipids was performed using 
the method of Bligh and Dyer27. For an internal standard, 
we added 1,2-diheptadecanoyl-sn-glycero-3 phosphocho-
line (Avanti Polar Lipids, Inc., Alabaster, AL, USA) to each 
of the specimens. Total lipids were transmethylated with 
HCL-methanol, with the fatty acid composition then ana-
lyzed by gas chromatography (GC-2014; Shimadzu Corpo-
ration, Kyoto, Japan) using a DB-225 capillary column (0.25 
mm × 30 m × 0.25 µM; J&M Scientific, Folsom, CA, USA). 
The entire system was controlled using gas chromatography 
software (GCsolution; Shimadzu Corporation).

Morphologic analysis of the ocular tissue
Eyes from all of the rats fed each diet were fixed over-

night in methacarn. Subsequently, they were embedded in 
paraffin, sectioned at a thickness of 4 μm, and stained with 
hematoxylin and eosin (HE). Ocular sections were cut along 
a line parallel to the optic axis and nerve (including the ora 
serrata). HE-stained slides were scanned with a high-reso-
lution digital slide scanner (NanoZoomer 2.0 digital slide 
scanner; Hamamatsu Photonics, Hamamatsu, Japan) in or-
der to prepare digital images that could be opened in color 
mode by the NDP.view software (Hamamatsu Photonics). In 
experiments 2 and 3, the total retinal thickness (from the in-
ternal limiting membrane to the pigment epithelium), inner 
retinal thickness (from the internal limiting membrane to 
the outer plexiform layer) and outer retinal thickness (from 
the outer nuclear layer to the pigment epithelial cell layer) 
were individually measured in the HE-stained slides using 
NDP.view, as described previously14. To further evaluate the 
photoreceptor cell loss, we calculated the photoreceptor ra-
tio [(outer retinal thickness / total retinal thickness) ×100].

To determine the area of retinal damage, the entire 
length of the retina and the length of the damaged area in 
the HE preparations were measured. A damaged retina was 
defined as the presence of less than four rows of photorecep-
tor nuclei in the outer nuclear layer14, with the retinal dam-
age ratio calculated as (length of damaged retina/whole reti-
nal length) ×100. Two toxicologic pathologists (K.Y., A.T.) 
certified by the Japanese Society of Toxicologic Pathology 
performed histopathological evaluations according to previ-
ously defined histopathological terminology and diagnostic 
criteria9, 14.

Statistical analysis
All discrete values were expressed as the mean ± stan-

dard error (SE). After confirming the homogeneity of the 
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variances, data were analyzed using a two-tailed indepen-
dent Student’s t-test for the unpaired samples (Excel 2007®; 
Microsoft, Redmond, WA, USA). The results presented be-
low include comparisons between the rats fed the basal diet 
and the rats fed different doses of the MA-supplemented diet 
in both the MNU-treated and vehicle-treated groups. P val-
ues < 0.05 were considered to show statistical significance.

Results

General remarks
In all experiments, no deaths occurred in any of the 

diet groups with or without the MNU treatment during the 
study period. Although the MA diets did not influence body 
weight gain (the growth rate) with or without MNU treat-
ment, the growth rate in the MNU-treated pups tended to be 
lower than that in vehicle-treated rats (data not shown). All 
neonatal rats exposed to MNU with or without the MA diet 
in experiment 1 developed bilateral lens opacity (Fig. 2a and 
b) and systemic alopecia at one week after the MNU injec-
tion. The MA diets in experiments 1 and 2 did not cause 
any deaths in the dams, did not evoke any clinical signs or 
symptoms, and did not affect the body weight changes be-
tween the groups.

Fig. 2. Lens opacity and mature cataract in experiment 1. (a) A se-
vere degree of opacity in the whole lens is seen two weeks af-
ter injection of N-methyl-N-nitrosourea (MNU) in a rat fed a 
basal diet. (b) Similar lens opacity is seen in an MNU-treated 
rat fed a 2.4% mead acid (MA) diet. (c) Histopathologically, 
swelling, vacuolation and liquefied fibers occur in the whole 
lens at two weeks after injection of MNU in a rat fed a basal 
diet. These changes corresponded to the diagnosis of mature 
cataract. (d) Mature cataract is similarly seen in the whole 
lens of a MNU-treated rat fed an MA diet. Hematoxylin and 
eosin (HE) staining, ×30.

Fig. 1. Schema of the experimental protocol. Experiment 1 was designed to inhibit cataract formation in the MNU-induced cataract model using 
male neonatal rats9. Experiments 2 and 3 were designed to confirm the effects on the MNU-induced retinal degeneration models using 
female postweaning and adult rats8, 14.
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Estimated intake of MA
During the lactation period, dams in experiments 1 and 

2 who consumed the basal and 2.4% MA diets were orally 
exposed to 0.0 and 3931.2 mg/kg/day MA, respectively. In 
experiment 2, pups were orally exposed after the weaning 
periods to 0.0 and 2145.6 mg/kg/day MA, respectively. In 
experiment 3, the adult rats in the MA diet groups were 
orally exposed to 1829.3 mg/kg/day MA.

Morphological and morphometric analyses:
Experiment 1: Lenticular lesions were detected micro-

scopically in all of the MNU-treated rats starting from day 
7 to day 14 after the 50 mg/kg MNU injection. Characteris-
tics of the lesions included swelling, vacuolation and lique-
fied fibers in the bilateral whole lens (Fig. 2c and d). These 
changes corresponded to the diagnosis of mature cataract. 
No changes in the severity of mature cataract were observed 
between the rats fed the basal and 2.4% MA diets (Fig. 2c 
and d). In the vehicle-treated rats, which were fed MA and 
basal diets, no lenticular changes were seen. There were also 
no retinal changes detected in any of the rats with or without 
MNU treatment. In a previous study9, our research group 
found that there was sensitivity to MNU in the lenticular 
tissue but not in the retina of 7-day-old rats.

Experiment 2: Retinal histology showed that regardless 
of the diet consumed by the vehicle-treated rats, there were 
no abnormal changes in the central and peripheral retina. In 
all rats, the retinas contained more than ten layers of pho-
toreceptor nuclei in the central retina (Fig. 3a) and more 
than eight layers of cells in the peripheral retina (data not 
shown). At 7 days after a single MNU injection in the rats 
fed the 2.4% MA and basal diets, the outer nuclear layer and 
the photoreceptor layer in the central and peripheral retina 
either disappeared or were reduced to a few rows of photo-
receptor cell nuclei (Fig. 3a). To further evaluate the effects 
of the MA diet on retinal thickness at the central retina, the 
photoreceptor cell ratio was calculated. There were no sta-
tistically significant changes observed for the photoreceptor 
ratios between the MNU-treated rats that received the 2.4% 
MA diet and those fed a basal diet, with the ratios being 47.4 
± 4.7, 16.0 ± 5.1, 46.2 ± 2.9 and 18.5 ± 6.0% in the vehicle + 
basal diet, MNU + basal diet, vehicle + MA diet and MNU 
+ MA diet groups, respectively (Fig. 3b). There was also no 
statistically significant changes found for the photoreceptor 
cell ratio at the peripheral retina between the MNU-treated 
rats fed MA or basal diet, with the ratios being 53.9 ± 2.0, 
48.9 ± 10.9, 53.2 ± 2.4 and 40.3 ± 14% in the vehicle + bas-
al diet, MNU + basal diet, vehicle + MA diet and MNU + 
MA diet groups, respectively (data not shown). In addition, 
the MNU-treated rats that received the 2.4% MA diets did 
not exhibit any statistically significant change in the retinal 
damage ratio as compared with the rats fed a basal diet (0, 
65.5 ± 17.4, 0 and 73.0 ± 18.1% in the vehicle + basal diet, 
MNU + basal diet, vehicle + MA diet and MNU + MA diet 
groups, respectively (Fig. 3c)).

Experiment 3: No abnormal changes were observed in 
the central and peripheral retina of the adult vehicle-treated 

rats fed the 2.4% MA or basal diet (Fig. 4a). A severe de-
gree of atrophy was seen in the outer retina in the 40 mg/
kg MNU-treated rats fed the 2.4% MA and basal diets, with 
the outer nuclear layer and the photoreceptor layer in the 
central and peripheral retina completely disappearing (Fig. 
4a). However, there was no statistically significant change 
in the photoreceptor ratio between the MNU-treated rats 
that received the 2.4% MA and basal diets, with the ratios 
being 42.6 ± 3.2, 12.0 ± 2.8, 44.6 ± 3.0 and 13.9 ± 5.4% in 
the vehicle + basal diet, MNU + basal diet, vehicle + MA 
diet and MNU + MA diet groups, respectively (Fig. 4b). 
There was also no significant change for the photoreceptor 
cell ratio at the peripheral retina between the MNU-treated 
rats fed the 2.4% MA and basal diets, with the ratios being 
51.1 ± 2.1, 39.2 ± 12.4, 50.7 ± 4.2 and 42.1 ± 11.3% in the 
vehicle + basal diet, MNU + basal diet, vehicle + MA diet 
and MNU + MA diet groups, respectively (data not shown). 
Furthermore, there was no statistically significant change in 
the retinal damage ratio detected between the MNU-treated 
rats that received the 2.4% MA and basal diets (0, 75.0 ± 
8.8, 0 and 60.2 ± 24.2% in the vehicle + basal diet, MNU + 
basal diet, vehicle + MA diet and MNU + MA diet groups, 
respectively (Fig. 4c)).

No lenticular changes were detected in any of the rats 
with or without the MNU treatment in experiments 2 and 3.

Fatty acid composition in the serum, lenses, and reti-
nas from vehicle-treated rats

In the serum of vehicle-treated rats that were fed ei-
ther a basal or 2.4% MA diet, the MA compositions were 
3.99 and 39.12% of the total fatty acids, while the MA levels 
were 121.42 and 730.94 μg/mL, respectively. The MA com-
positions and levels in the rats fed the 2.4% MA diet were 
significantly increased compared with those of the rats fed 
the basal diet (Fig. 5, Table 1). The serum MA/DHA ratio 
increased in the rats fed the 2.4% MA diet compared with 
that of the rats fed the basal diet, while the MA/DHA ratios 
were 3.71 and 50.36% in the rats fed the basal and 2.4% MA 
diets, respectively. The serum MA/AA ratio increased in the 
rats fed the 2.4% MA diet compared with that of the rats fed 
the basal diet, while the MA/AA ratios were 0.40 and 5.60% 
in the rats fed the basal and 2.4% MA diets, respectively.

In the lens of the vehicle-treated rats fed the basal and 
2.4% MA diets, the MA compositions were 0.88 and 2.00% 
of the total fatty acids while the MA levels were 3.90 and 
7.44 μg/g, respectively (Fig. 5, Table 1). The lenticular MA/
DHA ratio was higher in rats fed the 2.4% MA diet com-
pared with those fed the basal diet, with values of 0.18 and 
0.47% in the rats fed the basal and 2.4% MA diets, respec-
tively. The MA/AA ratio was also higher in the rats fed the 
2.4% MA diet compared with that for the rats fed the basal 
diet, with values of 0.16 and 0.46% in the rats fed the basal 
and 2.4% MA diets, respectively.

In the retina of the vehicle-treated rats that were fed the 
basal and 2.4% MA diets, the MA compositions were 0.37 
and 2.61% of the total fatty acids, with the MA levels being 
11.26 and 39.51 μg/g, respectively (Fig. 5, Table 1). The reti-



Effects of Mead Acid on MNU-Induced Ocular Lesions16

Fig. 3.

Fig. 4.

Fig. 3.
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nal MA/DHA ratio increased in the rats fed the 2.4% MA 
diet compared with those fed the basal diet, with values of 
0.01 and 0.10% in the rats fed the basal and 2.4% MA diets, 
respectively. The MA/AA ratio also increased to 0.25% in 
the rats fed the 2.4% MA diet compared with 0.03% in the 
rats fed the basal diet.

In the 2.4% MA diet group, the levels of total fatty ac-
ids in the serum and retina were lower than the totals found 
in the basal diet group (3054.77 and 1437.47 μg/mL in the 
serum and 3026.67 and 1667.03 μg/g in the retina, respec-
tively) (Table 1). The levels of total fatty acids in the lens 
were similar between both groups (449.07 and 370.71 μg/g 
in the basal and MA diet groups, respectively). The eicosa-
pentaenoic acid (EPA) and DHA compositions and/or lev-
els in the rats fed the 2.4% MA diet were not significantly 
changed compared with those of the rats fed the basal diet 
(Table 1).

Discussion

The types of long-chain polyunsaturated fatty acid in-
clude an n-3, n-6 and n-9 series fatty acids, with the first 
double bond located at the 3rd, 6th or 9th carbon from the 
terminal methyl group of the fatty acid. These series of fat-
ty acids may have different effects on ocular diseases. We 
have researched the effects on MNU-induced cataracts and 
retinal lesions using n-3 PUFAs such as DHA5, 15 and/or n-6 
PUFAs such as AA14. In the present study, we focused on the 
effects on MNU-induced ocular lesions using n-9 PUFAs, 
mainly MA, because the effects of MA on ocular disease 
have not been investigated in detail. Based on our previous 
report on the therapeutic effect of AA against MNU-in-
duced retinal degeneration14, MA was also expected to have 
an inhibitory effect on MNU-induced ocular degenerative 
diseases, because MA has similar biochemical structures 
and has been proposed as a substitute for AA22, 23. How-

ever, the MNU-induced cataract model used in experiment 
1 demonstrated that mature cataract was found in MNU-
treated rats with or without MA supplementation. Further-
more, use of the MNU-induced retinal degeneration models 
in postweaning and adult rats showed that there was atrophy 
of the outer retina in all of the rats exposed to MNU with or 
without MA supplementation. These findings indicate that a 
diet containing 2.4% MA could not counteract and protect 
against the MNU-induced cataract and retinal degeneration 
that was seen morphologically. Cell loss via apoptosis has 
been increasingly recognized as being involved in both the 
clinical course of MNU-induced cataract and retinal degen-
eration in rats8, 9, as well as the final common pathway of 
lenticular and photoreceptor cell death in human disease. In 
the present study, 2.4% MA supplementation may have had 
no effect on the occurrence of apoptotic lenticular and pho-
toreceptor cell death during the early phase of the lesions 
that occurred after a single systemic MNU exposure.

Fatty acid amounts in the serum and ocular tissue can 
be modified by the composition of the dietary fatty acid in-
take. Because of similar biochemical structures, MA has 
been proposed as a substitute for AA in biological mem-
branes, with the MA/AA ratio used as an index of essential 
fatty acid deficiency22, 23. Our previous study examined the 
therapeutic effect of a 2.0% AA-rich diet on MNU-induced 
retinal degeneration in weaning rats and demonstrated that 
AA rescued rats from retinal damage via inhibition of pho-
toreceptor apoptosis, along with an increased AA/DHA ra-
tio in the serum and retina14. Based on the present dietary 
dose regimen of MA, we found that higher levels in the diets 
did not have any further effect on MNU-induced cataract 
and retinal degeneration in rats. In the present study, the 
concentration of MA was higher in the 2.4% MA diet group 
as compared with the controls that were fed the basal diet: 
730.94 μg/mL (27.76 mol%) vs. 121.42 μg/mL (3.63 mol%) 
in the serum, 7.44 μg/g (1.37 mol%) vs. 3.90 μg/g (0.79 

Fig. 3. Effect of the mead acid (MA) diet on 50 mg/kg N-methyl-N-nitrosourea (MNU)-induced retinal damage in the postweaning rats in 
experiment 2. (a) Histology of the central retina in rats with or without MNU that were fed 2.4% MA and basal diets. At 7 days after a 
single ip injection of MNU, the outer nuclear layer and photoreceptor layer disappeared in the rats fed the MA and basal diets. GCL, 
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PRL, 
photoreceptor cell layer; and PEL, pigment epithelial cell layer. HE staining, ×200. (b) Photoreceptor cell ratio in the central retina 7 days 
after a single ip injection of MNU in rats fed 2.4% MA and basal diets. Rats treated with 50 mg/kg MNU and fed MA the diet do not have 
any statistically significant changes in their photoreceptor ratios at the central retina compared with the MNU-treated basal diet group. 
The index is calculated as [(outer retinal thickness / total retinal thickness) ×100]. (c) Retinal damage ratio in MNU-treated rats fed 2.4% 
MA and basal diets. Rats fed the MA diet do not show any statistically significant changes in the retinal damage ratio compared with 
the MNU-treated basal diet group. The index was evaluated as [(length of retina composed of less than four photoreceptor cells / whole 
retinal length) × 100]. The mean ± SE of the five rats in each treatment group is shown.

Fig. 4. Effect of the mead acid (MA) diet on 40 mg/kg N-methyl-N-nitrosourea (MNU)-induced retinal damage in adult rats in experiment 3. 
(a) Histology of the central retina in rats with or without MNU who were fed the 2.4% MA and basal diets. At 7 days after a single ip 
injection of MNU, the outer nuclear layer and photoreceptor layer disappeared in the rats fed the MA and basal diets. GCL, ganglion cell 
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PRL, photoreceptor 
cell layer; and PEL, pigment epithelial cell layer. HE staining, ×200. (b) Photoreceptor cell ratio in the central retina 7 days after a single 
ip injection of MNU in rats fed the 2.4% MA and basal diets. MNU-treated rats fed the MA diet have a statistically significant decrease 
in their photoreceptor ratio at the central retina, which is similar to that seen in the MNU-treated basal diet group. The index is calculated 
as [(outer retinal thickness / total retinal thickness) ×100]. (c) Retinal damage ratio in MNU-treated rats fed the 2.4% MA and basal diets. 
Rats fed the MA diet do not show any statistically significant changes in the retinal damage ratio, which is similar to that seen in the 
MNU-treated basal diet group. The index is evaluated as [(length of retina composed of less than four photoreceptor cells / whole retinal 
length) ×100]. The mean ± SE of the six or seven rats in each treatment group is shown.
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mol%) in the lens and 39.51 μg/g (0.17 mol%) vs. 11.26 μg/g 
(0.04 mol%) in the retina (Table 1). In addition, the MA/AA 
ratios were higher in the 2.4% MA diet group as compared 
with the controls fed the basal diet: 5.60% vs. 0.40% in the 
serum, 0.46% vs. 0.16% in the lens and 0.25% vs. 0.03% in 
the retina (Table 1). MA/DHA ratios were extremely higher 

in the 2.4% MA diet group as compared with the controls 
fed the basal diet: 50.36% vs. 3.71% in the serum, 0.47% vs. 
0.18% in the lens and 0.10% vs. 0.01% in the retina (Table 1). 
In humans, the average value of MA in the plasma was 16.6 
µmol/L (5.09 μg/mL), which was 0.15% of the total fatty 
acids, in a group of 250 healthy people28. The plasma con-

Fig. 5. Fatty acid composition of the serum, lens and retina of the vehicle-treated rats. In the serum of the rats fed the 2.4% mead 
acid (MA) diet, the MA composition of the total fatty acids was higher than that seen in the serum of the rats fed the basal 
diet. In the lens and retina of the rats fed the 2.4% (MA) diet, although the MA composition was higher, the differences were 
not remarkable when compared with the serum values. The mean ± SE of four rats in the basal group and three rats in the 
MA diet group are shown.
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centration of MA in mothers during the lactation period was 
shown to be 0.22 mol%, while it was 0.16 mol% in plasma 
from infants at 40 weeks after birth, suggesting that effi-
cient transfer occurs via milk23. In our studies, which in-
cluded MA exposures during the lactation period (experi-
ment 1), during the postweaning period (experiment 2) and 
during the adult period (experiment 3), we found that the 
MA exposure levels were extremely higher than those nor-
mally found in healthy humans.

The toxic effects of MA have yet to be investigated in 
detail. In a previous study in mice, a significantly lighter 
body weight was found for mice fed an MA diet26. The 
authors of the study suggested that this finding was most 
likely due to the animals consuming a lower amount of the 
MA diet due to its lower palatability in mice. In the present 
study, MA supplementation had no effect on food consump-
tion and body weight in rats. Additionally, no macroscopic 
lesions were detected during the complete necropsies per-
formed in the vehicle-treated rats, which suggests that MA 
has no effects on the health of rats.

In conclusion, an MA-rich diet induced an increased 
level of lenticular and retinal MA. However, use of dietary 
MA does not modify MNU-induced cataract and retinal de-
generation in postweaning and adult rat models. The fatty 
acid composition of the diet may affect the response to ocu-

lar tissue in human cataract and RP. Further studies will 
need to be undertaken in other animal ocular disease models 
in order to completely understand the rescue effect of MA.
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