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ABSTRACT
Background: Retinopathy of prematurity (ROP) is a vision-threatening
disease in premature infants. Serum adiponectin (APN) concentra-
tions positively correlate with postnatal growth and gestational age,
important risk factors for ROP development. Dietary v-3 (n–3)
long-chain polyunsaturated fatty acids (v-3 LCPUFAs) suppress
ROP and oxygen-induced retinopathy (OIR) in a mouse model of
human ROP, but the mechanism is not fully understood.
Objective: We examined the role of APN in ROP development and
whether circulating APN concentrations are increased by dietary
v-3 LCPUFAs to mediate the protective effect in ROP.
Design: Serum APN concentrations were correlated with ROP de-
velopment and serum v-3 LCPUFA concentrations in preterm in-
fants. Mouse OIR was then used to determine whether v-3 LCPUFA
supplementation increases serum APN concentrations, which then
suppress retinopathy.
Results: We found that in preterm infants, low serum APN concen-
trations positively correlate with ROP, and serum APN concentra-
tions positively correlate with serum v-3 LCPUFA concentrations.
In mouse OIR, serum total APN and bioactive high-molecular-
weight APN concentrations are increased by v-3 LCPUFA feed.
White adipose tissue, where APN is produced and assembled in
the endoplasmic reticulum, is the major source of serum APN. In
mouse OIR, adipose endoplasmic reticulum stress is increased, and
APN production is suppressed. v-3 LCPUFA feed in mice increases
APN production by reducing adipose endoplasmic reticulum stress
markers. Dietary v-3 LCPUFA suppression of neovascularization is
reduced from 70% to 10% with APN deficiency. APN receptors
localize in the retina, particularly to pathologic neovessels.
Conclusion: Our findings suggest that increasing APN by v-3 LCPUFA
supplementation in total parental nutrition for preterm infants may sup-
press ROP. Am J Clin Nutr 2015;101:879–88.
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INTRODUCTION

Retinopathy of prematurity (ROP)5 is precipitated by persis-
tent inadequate retinal vascularization after premature birth
(phase I), resulting in retinal ischemia and tissue hypoxia,
stimulating vision-threatening proliferative retinal neovasculari-

zation (phase II, classified as stages 1–5) (1, 2). Phase II begins
around postmenstrual age (PMA) w30–32 wk in very premature
infants (3).

Dietary v-3 long-chain PUFAs (v-3 LCPUFAs) induce direct
inhibition of neovessels through peroxisome proliferator–
activated receptor g (PPARg) (4), a lipid nuclear receptor that is
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upstream of adiponectin (APN) (5). After preterm birth, a lack
of factors normally available in the third trimester of pregnancy,
such as diet-derived v-3 LCPUFAs (6), is associated with the
development of retinopathy (1, 7) and poor neurodevelopment
(8). The v-3 LCPUFA, DHA, is particularly abundant in retina
(7). Blood DHA concentrations are decreased by 1 wk after
preterm birth and remain low for at least 4 wk (8). In mouse
oxygen-induced retinopathy (OIR) modeling human ROP (9),
v-3 LCPUFAs directly suppress retinal neovascularization (4).
Clinically, premature infants receiving v-3 LCPUFA supple-
mentation have reduced retinopathy (10). A mixture of dietary
DHA plus arachidonic acid (AA) increases circulating APN
concentrations in preterm infants (11). In mouse OIR, dietary
v-3 LCPUFAs’ protective effect mechanism is only partially
understood (4, 12–14).

The adipocyte-derived APN concentrations in serum posi-
tively correlate with postnatal growth and gestational age, 2
important risk factors for ROP development (15). APN admin-
istration suppresses neovascularization in mice (16). APN is
produced and assembled into the more bioactive high-molecular-
weight (HMW) form in the endoplasmic reticulum (ER) (5, 17).
Impaired protein folding and accumulation of unfolded/mis-
folded proteins under “ER stress” induce a reduction in global
protein translation (18, 19). In this study, we hypothesized that
v-3 LCPUFAs may protect against retinopathy through in-
creasing APN concentrations. We found that serum APN con-
centrations were lower in infants with ROP, and serum APN
concentrations positively correlated with serum DHA and EPA
concentrations in premature infants. In mice with OIR, attenu-
ating adipose-ER stress with dietary v-3 LCPUFAs was asso-
ciated with increased APN concentrations. This study is the first
to show the mechanism of dietary v-3 LCPUFAs leading to
increased circulating APN concentrations.

Nutritional strategies to improve growth have not been opti-
mized for very preterm infants, who are usually growth restricted
after birth. Parental lipids and milk formulas enriched with DHA
were advocated for preterm infants (who are especially sensitive
to the effects of dietary fatty acid imbalances) .20 y ago (20).
However, current parental nutrition formulations given during
the first weeks of life still lack sufficient DHA and result in
DHA deficiency (7). Our findings suggest that increased APN
concentrations, promoted through v-3 LCPUFA supplemen-
tation, may help protect against ROP development. This study
provides further evidence to support the inclusion of v-3 LCPUFAs
in the formulation of total parental nutrition for premature
infants.

METHODS

Study design

This translational study aimed to explore the mechanism of
v-3 LCPUFA suppression of proliferative ROP development,
with APN as a potential mediator. In the first part of the study,
we measured serum APN concentrations in infants with no ROP
and ROP (stages 1–3). In the second part, we assessed the effects
of v-3 LCPUFAs on APN concentrations and the effects of APN
on retinal vessels in the mouse model of OIR in Apn-knockout
(Apn2/2) mice and wild-type (WT) mice with either v-3 or v-6
LCPUFA supplementation.

Ethics statement

The clinical study was approved by the Regional Ethical
Review Board, Lund, Sweden. Written informed consent was
obtained from parents for all study infants. All animal studies
adhered to the Association for Research in Vision and Oph-
thalmology Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Institutional Animal
Care and Use Committee at Boston Children’s Hospital.

Patients

Forty-six infants with gestational age (GA) ,29 wk at birth
and born at a level III neonatal intensive care unit at Skåne
University Hospital, Lund, Sweden, were recruited to the study.

Collection of specimens: sampling of neonatal blood

Venous blood samples (0.5 mL) were obtained on postnatal
days 3 and 7 and then once weekly until discharge (until
a postmenstrual age of at least w35 wk) and the serum stored at
–808C until assayed. Samples were obtained from an umbilical
or peripheral arterial line during the first postnatal weeks and
subsequently obtained weekly from the peripheral vein.

Clinical data

Patients were recruited to the study between January 2005 and
May 2007. All pregnancies were dated by ultrasound at 17–18
gestational weeks. Relevant neonatal data were obtained pro-
spectively from the infants’ records in which sex, GA at birth,
birth weight, and ROP were registered (Table 1). The infants in
the study group were defined as small for gestational age if the
deviation in birth weight was .2 SD below that of the pop-
ulation mean adjusted for GA and sex (21).

ROP examination and treatment

ROP screening eye examinations were initiated from a post-
menstrual age of 32 wk and continued until the retina was fully
vascularized or until ROP regression (22). The eye examinations
were performed according to routine protocol consisting of di-
lated ocular fundus examinations, and outcomes of screening
examinations were entered into a study screening protocol. The
International Classification of Retinopathy of Prematurity
revisited (2) was used for ROP classification, and the recom-
mendations of the Early Treatment of Retinopathy of Prematurity
Cooperative Group were followed for treatment (23).

TABLE 1

Clinical characteristics of the study group1

Characteristic Value

Male infants, n (%) 46 (54)

GA at birth, wk 25.9 6 1.62

Birth weight, g 842 6 237

Birth weight SDS 21.0 6 1.3

SGA, n (%) 11 (24)

ROP, % 19 6 41

1GA, gestational age; ROP, retinopathy of prematurity; SDS, SD score;

SGA, small for gestational age.
2Mean 6 SD (all such values).
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Quantification of serum total APN concentrations by
immunoassay

Serum APN concentrations were assayed by using a human
APNELISA kit (E091M;Mediagnost). The intra-assay CVs were
3.8% at 3.9 mg/mL and 4.7% at 13.1 mg/mL, and the interassay CV
was 16.3% at 9.9 mg/mL. For values .80 mg/mL, the samples
were further diluted by using assay diluent, and the assay was re-
peated so that the results fell within the recommended range.

Fatty acids analysis

The lipids were extracted from serum with chloroform-
methanol 2:1 (vol:vol) containing 0.01% butyrated hydrox-
ytoluene (24). The phospholipids from serum were fractionated
on a single SEP-PAK aminopropyl cartridge from Waters Corp.
The fatty acid methyl esters were separated by capillary gas–
liquid chromatography in a Hewlett-Packard 6890 gas chro-
matograph as previously described (25). The separation was
recorded with Chem Station software (HPGC). C21:0 was used
as internal standard, and the fatty acid methyl esters were
identified according to the retention times of pure reference
substances (Sigma Aldrich Sweden AB and Larodan Fine
Chemicals). The amount of each fatty acid was given as mole
percentage of the total fatty acid content.

Dietary intervention and mouse model of OIR

Apn2/2 and C57BL/6J WT controls were purchased from the
Jackson Laboratory. The mice were housed in specific pathogen-
free environments, and the temperature in the animal room was
21.78C 6 216.18C with a 12-h/12-h light/dark cycle. Micro-
Vent Opti (Animal care systems) and PIV racking systems
(Allentown) were used. The mice were provided with Carefresh
bedding (Scott Distribution) for foraging and nesting and had
free access to food (Isopro RMH 3000 irradiated; Scott Distri-
bution) and water (reverse osmosis water with ultraviolet ster-
ilization before distribution). Mouse mothers with pups were fed
from postnatal day (P)1 with defined rodent feeds with 10% (w/
w) safflower oil containing either 2% v-3 LCPUFAs (1% DHA
and 1% EPA) or 2% v-6 LCPUFAs (AA) (12). The DHA, EPA,
and AA oils were from DSM. DHASCO (R, DHA) and ARA-
SCO (R, AA) provided fatty acids as triglycerides. Fatty acids in
MEG-3 (DHA and EPA) were in the form of ethyl. The feed was
produced at Research Diets, Inc. and the composition of the feed
has been described previously (12). Mice were exposed to 75%
oxygen from P7 to P12 and returned to room air (9, 26).
Hyperoxia led to vessel loss and relative hypoxia-induced
neovascularization (9). Mice were killed by using a lethal in-
traperitoneal injection of ketamine/xylazine, and eyes were enu-
cleated at P17. Both male and female mouse pups were used, with
body weight ranging from 5.5 to 7 g (27). The mice were ran-
domly assigned to either v-3 or v-6 LCPUFA-enriched diets with
a minimum of 3–4 litters per experimental group. Mice under
room air without oxygen exposure were used as controls to
compare the differences induced in OIR.

White adipose tissue and serum APN ELISA

At P17, mouse serum was collected and stored at 2808C
immediately before use. White adipose tissue (WAT) was ho-

mogenized with extraction buffer [1% NP40, 1:1000 protease
inhibitor cocktail (P8340; Sigma) in phosphate-buffered saline
(PBS)] and analyzed for protein concentration by a bicincho-
ninic acid protein assay (Pierce). Subsequently, an APN ELISA
assay (E091M; Mediagnost) was performed for 1 mL serum or
0.4 mg WAT total protein lysate.

Western blot

P17 WAT lysates (30 mg) were used to detect concentrations
of phospho–eukaryotic initiation factor 2a (p-EIF2a, 1:50,
3398P; Cell Signaling Technology), EIF2a (1:500, 5324P; Cell
Signaling Technology), C/EBP homologous protein (CHOP)
(1:200, 2895P; Cell Signaling Technology), endoplasmic re-
ticulum resident protein (ERP) 44 (1:1000, 3798P; Cell Sig-
naling Technology), ERO1-La (1:1000, NB100-2525; Novus),
and DSBA-L (1:1000, ab92819; Abcam). For APN, WAT lysates
(10 mg), serum (1 mL), or 3T3-L1 cell medium (40 mg) were
prepared by incubating with Laemmli’s SDS sample buffer (BP-
110R; Boston BioProducts Inc.) for 1 h at room temperature.
Primary antibody APN (1:1000, AF1119; R&D) was used.
Signals were detected by using 1:5000 corresponding horse-
radish peroxidase–conjugated secondary antibodies and enhanced
chemiluminescence (Pierce). Four to 6 independent samples per
group were used.

3T3-L1 cell culture

3T3-L1 cells (ATCC) were grown on 0.1% gelatin-coated 6-
well plates in DMEM containing 10% bovine calf serum and 1%
penicillin/streptomycin. Two days after the cells reached con-
fluence, cell differentiation was induced by DMEM containing
10% fetal bovine serum (FBS), 250 mM 3-isobutyl-1-methyl-
xanthine (Sigma), 0.5 mM dexamethasone (Sigma), and 1 mg/
mL insulin (Sigma) [day 0]. At day 2, cells were maintained in
DMEM containing 10% FBS and 1 mg/mL insulin for 2 d (day
4). Every other day thereafter, medium was changed with
DMEM containing 10% FBS only. Approximately by day 8, full
differentiation was achieved. DHA (90310; Cayman Chemical)
or AA (90010; Cayman Chemical) was delivered to the cells as
fatty acid/bovine serum albumin (BSA) complexes. Then, 20 mL
50 mg/mL DHA or AA was added to 1 mL fatty acid-free BSA
(0.1 g/mL, A8806; Sigma). This mixture was mixed on a vortex
for 2 min and incubated at 378C for 1 h until the solution was
clear (28). For in vitro experiments, fully differentiated 3T3-L1
adipocytes from day 8 were pretreated with vehicle (dilution
solution for DHA or AA), AA-BSA, or DHA-BSA for 24 h. ER
stress was then induced with 0.1 mg/mL tunicamycin (T7765;
Sigma) for another 24 h, and 3T3-L1 cell culture medium was
collected.

Quantification of vaso-obliteration and neovascularization

At P17, retinas were dissected and stained overnight at room
temperature with 10 mg/mL fluorescent Griffonia Bandeiraea
Simplicifolia Isolectin B4 (Alexa Fluor 594, I21413; Molecular
Probes) in 1 mmol/L CaCl2 in PBS. For quantification of retinal
vaso-obliteration and neovascularization, images of whole
mounted retina were taken at 53 magnification on a Zeiss
AxioObserver.Z1 microscope and merged to form one image
with AxioVision 4.6.3.0 software (Zeiss). Vaso-obliteration and
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neovascular tuft formation were quantified by comparing the
number of pixels in the affected areas with the total number of
pixels in the retina by using standard published protocols (27,
29). Percentages of vaso-obliteration and neovascularization
from mouse retinas were compared with values for retinas from
age-matched control mice with identical oxygen conditions,
with n representing the number of eyes quantified.

Laser capture microdissection

P17 eyes from normoxia and OIR conditions were enucleated
at P17 and embedded in optimal cutting temperature compound.
The eyes were sectioned at 12 mm in a cryostat, mounted on
RNase-free polyethylene naphthalate glass slides (11505189;
Leica), and immediately stored at 2808C. Slides containing fro-
zen sections were fixed in 50% ethanol for 15 s, followed by 30 s
in 75% ethanol, before being washed with diethylpyrocarbonate-
treated water for 15 s. Sections were stained with fluoresceinated
Isolectin B4 (Alexa Fluor 594, I21413; Molecular Probes; 1:50
dilution in 1 mM CaCl2 in PBS) and treated with RNase inhibitor
(03 335 399 001; Roche) at 258C for 3 min. Laser dissection of
retinal blood vessels and different retinal layers was performed
immediately thereafter with the Leica LMD 6000 system (Leica
Microsystems), and samples were collected directly into lysis
buffer from the RNeasy Micro kit (Qiagen) as previously de-
scribed (30).

Real-time PCR

Total RNAwas extracted from isolated subcutaneous WAT by
using the RNeasy Lipid Tissue kit (Qiagen) or laser-captured
retinal layers and vessels and reverse transcribed into comple-
mentary DNA by using reverse transcriptase (Invitrogen). The
sequences of primers are Apn (F: 5#-GAA GCC GCT TAT GTG
TAT CGC-3#, R: 5#-GAATGG GTA CAT TGG GAA CAG T-3#),
AdipoR1 (F: 5#-TCT TCG GGATGT TCT TCC TGG-3#, R: 5#-
TTT GGA AAA AGT CCG AGA GAC C-3#), AdipoR2 (F: 5#-
GGA GTG TTC GTG GGC TTA GG-3#, R: 5#-GCA GCT CCG
GTG ATA TAG AGG-3#), T-cadherin (F: 5#-CAT CGA AGC
TCA AGA TAT GG-3#, R: 5#-GAT TTC CAT TGA TGA TGG
TG-3#), and unchanging control gene Cyclophilin A (F: 5#-CAG
ACG CCA CTG TCG CTT T-3#, R: 5#-TGT CTT TGG AAC
TTT GTC TGC AA-3#). Quantitative analysis of gene expres-

sion was generated by using an Applied Biosystems 7300 Se-
quence Detection System with the SYBR Green Master mix kit,
and gene expression was calculated relative to Cyclophilin A by
using the DcT method.

Statistical analysis

Clinical data are presented as means 6 SEMs. Groups were
compared for quantitative variables by the unpaired t test.
Correlation analysis was used to examine relations among the
variables of interest. Statistical analyses were performed by
using the SPSS statistical package (version 20.0; SPSS, Inc.).
Animal data are presented as means 6 SEMs. All data were
used, excluding low-quality images that were not sufficient for
analysis. The number per group is shown in the corresponding
figure legends. The experimenters were blinded to the treatment
conditions. An unpaired t test, ANOVA with Bonferroni’s mul-
tiple-comparison test, was used for comparison of results as
specified (Prism v5.0; GraphPad Software Inc.). Statistically
significant difference was set at P # 0.05.

RESULTS

Lower serum APN concentrations in premature infants are
associated with phase II ROP

Weekly serum total APN concentrations were measured from
birth until discharge in 46 very preterm infants (GA ,29 wk at
birth). ROP stages were assessed and grouped as no ROP (stage
0) (n = 27) or ROP (stages 1–3) (n = 19). Total APN concen-
trations in both groups were similar from PMA 24–30 wk (phase
I ROP); at wPMA 30–32 wk, the onset of phase II (stages 1–3
of ROP) (2, 3), the no-ROP and ROP (stages 1–3) groups di-
verged. Starting at wPMA 30 wk until the last value at PMA
36 wk, infants who developed phase II ROP (stages 1–3) had
persistently lower total APN concentrations than did infants
without ROP (P , 0.05, Figure 1A and Supplemental Table 1).
In addition, the mean HMWAPN (most bioactive form) to total
APN ratio was higher in premature infants with no ROP than with
ROP (n = 9, P = 0.025; Supplemental Figure 1). Infants with
ROP had a 25% lower HMW to total APN ratio, whereas infants
with no ROP had a slight increase from PMA 31–36 wk.

FIGURE 1 Mean (6SEM) serum DHA concentrations relate to serum APN concentrations, and lower serum APN concentrations in ROP developed in
very preterm infants starting at PMA 30 wk. (A) Longitudinal serum APN concentrations in 46 very preterm infants with GA ,29 wk from birth to PMA 36
wk were measured, and ROP development was monitored. n represents different independent samples. Solid line, no ROP (n = 27); dotted line, ROP (stages
1–3) (n = 19, log scale on the y axis). A t test for equality of means was used for comparison of means between 31 and 36 wk. (B) Relation of serum DHA (left,
r = 20.759, P = 0.02), EPA (middle, r = 20.583, P = 0.03), and AA (right, r = 20.104, P = NS) concentrations to serum APN concentrations in very preterm
infants (n = 14) with ROP development at PMA 30 wk. The Pearson correlation coefficient was used. The result was verified with Spearman’s correlation
coefficient. AA, arachidonic acid; APN, adiponectin; GA, gestational age; PMA, postmenstrual age; ROP, retinopathy of prematurity.
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Serum DHA, EPA, and APN concentrations positively
correlate in premature infants

We measured serum phospholipid fatty acid concentrations in
14 very preterm infants at PMA 30 wk and compared them with
the corresponding serum APN concentrations. Serum DHA and
EPA concentrations correlated positively with total serum APN
concentrations, whereas no correlation was found between serum
AA and APN concentrations (Figure 1B).

Serum APN concentrations are increased by dietary intake
of v-3 LCPUFAs in OIR

Because clinically we observed a positive correlation between
DHA, EPA, and APN concentrations in serum as well as a pos-
itive correlation between serum APN concentrations and phase II
ROP, the experimental mouse study focused on the effects of v-3
LCPUFAs on APN concentrations in serum to correspond to the
clinical observations. In a mouse model of OIR, v-3 LCPUFAs
directly increased serum APN. We treated mice with OIR with
v-3 LCPUFA-replete vs. v-3 LCPUFA-deficient diets from P1
to P17. In OIR, mice were exposed to hyperoxia from P7 to P12
and returned to room air from P12 to P17, when we observed
maximum neovascularization (9, 27). We observed that occa-
sionally, Apn2/2 or WT mothers were negatively affected by the
OIR model, resulting in poor care of mouse pups. Therefore,
surrogate mothers of the S129 mouse strain were given to every
litter because they were more resilient to this OIR model and
provided better care of pups. The mouse pups on both diets were
w6–7 g at P17 after OIR. The defined rodent feeds were iso-
caloric and identical in composition except for containing either
2% v-6 LCPUFAs (AA) or 2% v-3 LCPUFAs (1% DHA and
1% EPA) (12). Lipid content of the milk reflects the mother’s
diet lipid profile (12). The v-3 LCPUFA-fed mice (vs. v-6) had
4.5-fold higher total serum APN concentrations (P = 0.011;
Figure 2A) at P17. Serum APN is present primarily in 3 forms:
trimer (67 kDa), hexamer (w120 kDa), and more bioactive
HMW multimer (.300 kDa) (5, 31). In OIR, mice on v-3
LCPUFA vs. v-6 LCPUFA feed had a 50% increase in serum
HMW APN (P = 0.0008) (Figure 2B) and a 20% decrease in
serum hexamer APN concentrations (P = 0.0075; Supplemental
Figure 2), with no change in serum trimer APN concentrations
(Supplemental Figure 2). Reduced concentrations of hexamer
APN with v-3 LCPUFA feed may result from increased assembly
to HMWAPN. Our observations suggest that v-3 LCPUFAs in-

crease serum concentrations of both total and HMWAPN in mice
with OIR.

Both total and HMWAPN production and secretion are
regulated by v-3 LCPUFAs

Serum APN is produced predominantly from WAT (32).
Therefore, we further investigated how v-3 LCPUFAs regulated
the production of APN in OIR by focusing on WAT. Reduced
Apn messenger RNA concentrations were observed in WAT
from WT mice with OIR (vs. non–oxygen-exposed controls)
(P = 0.0279; Figure 3A). In WAT isolated from OIR mice
consuming v-3 vs. v-6 LCPUFA feed from P1 to P17, Apn
messenger RNA concentrations were increased 1.5-fold (P =
0.0162; Figure 3A) and total APN protein concentrations were
increased 1.3-fold at P17 (P = 0.0319; Figure 3A). Importantly,
in OIR mice consuming v-3 LCPUFA vs. v-6 LCPUFA feed,
there was a 1.5-fold increase in HMWAPN in WAT (P = 0.0449;
Figure 3B).

APN production, assembly, and secretion are regulated by
v-3 LCPUFAs through attenuating adipose-ER stress
induction

APN production and assembly mainly occurs in the ER (5, 17).
In mice with OIR vs. room air controls, ER stress was induced in
WAT, indicated by activating transcription factor 4 (Atf4), an ER
stress marker (Figure 4A). We investigated in adipocytes
whether v-3 LCPUFAs mediated production of the most bio-
active form of APN (HMWAPN) through modulating ER stress
and increasing production of APN protein as well as increasing
assembly into the higher-molecular-weight bioactive form.

Under ER stress conditions, phosphorylation of EIF2a inhibits
recycling of EIF2a and in turn attenuates protein translation
(19). The EIF2a signaling pathway plays an essential role in the
induction of the proapoptotic transcriptional factor CHOP,
a marker for ER stress (19). In our study, phosphorylation of
EIF2a and induction of CHOP were decreased 60% and 50%,
respectively, in WAT from P17 OIR mice with v-3 vs. v-6

FIGURE 2 v-3 LCPUFAs increase total serum and HMWAPN concen-
trations in mouse OIR. (A) ELISA for serum APN protein concentrations
(n = 6). (B) Western blot for serum HMWAPN (n = 4). n represents different
independent samples on the same blot. Means 6 SEMs are shown (unpaired
t test). APN, adiponectin; HMW, high molecular weight; LCPUFA, long-
chain PUFA; OIR, oxygen-induced retinopathy.

FIGURE 3 v-3 LCPUFAs increase APN concentrations in WAT in OIR.
(A) qPCR of Apn in WAT from P17 normal and OIR mice, as well as APN
mRNA and protein concentrations in P17 OIR WAT (n = 6–9). (B) Western
blot for HMW APN in WAT (n = 3). n represents different independent
samples on the same blot. Means 6 SEMs are shown (unpaired t test).
APN, adiponectin; HMW, high molecular weight; LCPUFA, long-chain
PUFA; mRNA, messenger RNA; OIR, oxygen-induced retinopathy; P17,
postnatal day 17; qPCR, quantitative polymerase chain reaction; WAT, white
adipose tissue.
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LCPUFA feed (p-EIF2a/EIF2a: v-3/v-6 = 0.4, P = 0.0102;
CHOP: v-3/v-6 = 0.5, P = 0.0029; Figure 4B), suggesting that
v-3 LCPUFAs reduced the WAT ER stress in mice with OIR.
ER chaperones, including ERP44, DSBA-L, and ERO1-La,
are involved in APN assembly and secretion (5). Specifically,
ERP44 and ERO1-La facilitate HMW APN formation and
secretion (5). ERP44 concentrations were increased 1.9-fold
in WAT from P17 OIR mice on v-3 vs. v-6 LCPUFA feed (P =
0.0387; Figure 4C). Thus, v-3 LCPUFAs may facilitate as-
sembly of HMW APN by reducing ER stress to increase
ERP44 in WAT. To corroborate the in vivo studies, we used
white adipocyte 3T3-L1 cell culture to analyze the effect of
v-3 LCPUFAs on APN production and secretion. In 3T3-L1
adipose cells pretreated with DHA-BSA (vs. AA-BSA), se-
creted concentrations of HMW APN were increased 1.7-fold
(P , 0.01; Figure 4D) under ER stress conditions induced
with tunicamycin (commonly used to induce ER stress in cell
culture) (33).

APN helps mediate the protective effects of v-3 LCPUFAs
against neovascularization

Using Apn2/2 and WT mice consuming v-3 or v-6 LCPUFA
feed, we then determined whether the loss of APN suppresses the
protective effects of v-3 LCPUFA feed against neovascularization.
There was no significant difference between 2 genotypes in
retinal vascular normal development at P7 (Figure 5A). As
expected from our prior studies (4), v-3 vs. v-6 LCPUFA feed
reduced neovascularization in WT retinas (WT: neovascular
area v-3/v-6 = 0.3, P , 0.001; Figure 5B, C). However, this
70% protective effect of v-3 LCPUFAs in reducing neo-
vascularization was reduced to 10% with APN deficiency
(Apn2/2: neovascular area v-3/v-6 = 0.9, P , 0.01; Figure 5B,
C), indicating that v-3 LCPUFAs protected against neo-
vascularization mediated in large part through APN. Other
pathways in addition to APN may also be present because
some residual protective effect of v-3 LCPUFAs against OIR
was still observed with APN deficiency.

FIGURE 4 v-3 LCPUFAs modulate endoplasmic-reticulum (ER) stress in WAT. (A) qPCR of ER stress marker Atf4 in WAT from P17 normal and OIR
mice (n = 3). In P17 OIR mice: protein concentrations in WAT of ER stress markers (B) p-EIF2a and CHOP (n = 4–6) and ER proteins (C) DSBA-L, ERP44,
and ERO1-La concentrations (n = 3–7). n represents different independent samples on the same blot. Unpaired t test. (D) v-3 LCPUFAs (DHA), not v-6
LCPUFA (AA) modulated HMWAPN in ER-stressed adipocytes. Fully differentiated 3T3-L1 cells treated with AA-BSA, DHA-BSA, or vehicle had ER stress
induced with tunicamycin. HMWAPN concentrations in cell medium were measured by Western blot (n = 4). n represents different independent samples on
the same blot. Means 6 SEMs, **P , 0.01, ANOVA. AA, arachidonic acid; APN, adiponectin; BSA, bovine serum albumin; CHOP, C/EBP homologous
protein; ER, endoplasmic reticulum; HMW, high molecular weight; LCPUFA, long-chain PUFA; OIR, oxygen-induced retinopathy; P17, postnatal day 17;
p-EIF2a, phospho–eukaryotic initiation factor 2a; qPCR, quantitative polymerase chain reaction; WAT, white adipose tissue.
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APN receptors localize in normal and OIR retinas

APN binds in tissue to 3 major receptor isoforms: adipoR1,
adipoR2, and T-cadherin (34). In retina, expression of these APN
receptors was observed in the laser-captured microdissected
retinal layers and blood vessels at P17 normoxia and OIR
conditions. Significantly increased expression was especially
found in the pathologic neovessels (Figure 6).

DISCUSSION

Clinically in this study, we found that during the postnatal
period associated with the second phase of ROP, infants who
developed ROP (stages 1–3) had lower total serum APN and
HMWAPN concentrations than did infants with no ROP. Serum
APN concentrations correlated positively with serum DHA and
EPA concentrations. In mouse OIR, v-3 LCPUFA feed in-
creased total serum APN concentrations, especially the more
bioactive HMWAPN, by modulating ER stress in WAT. The v-3
LCPUFA protective effect was largely lost in Apn2/2 OIR mice,
indicating an important role of APN in controlling the pro-
liferative phase of retinopathy. On the basis of these observa-
tions, we suggest that v-3 LCPUFAs may increase total serum
APN concentrations. v-3 LCPUFAs also increased assembly of
HMW APN in WAT through dampening ER stress and in-
creasing the concentrations of ER proteins that promote APN
assembly into HMW forms such as ERP44. Increased serum
concentrations of higher-order forms of APN acting through

retinal APN receptors, in turn, may help reduce neovascularization
in OIR (Figure 7).

Previously, it has been shown in OIR mice and preterm infants
that increased dietary v-3 LCPUFAs can directly suppress ne-
ovascularization through PPARg (4) and that the v-3 LCPUFA
active metabolite 4-HDHA reduces pathologic angiogenesis via
PPARg (4, 13). PPARg is an upstream mediator of APN (5).
Consistent with v-3 LCPUFAs exerting direct control of pro-
liferative vessels (4) and APN’s antiangiogenic and anti-
inflammatory effects in vascular diseases (16, 21), we found
higher APN receptor concentrations in neovascular tufts during
retinopathy. Our prior studies also demonstrate that v-3 LCPUFAs
protect against neovascularization in mouse OIR with an associ-
ated reduction in TNF-a (4). It has been shown that APN ame-
liorates OIR via TNF-a (16). APN has been found to suppress
LPS-mediated stabilization of Tnfa messenger RNA in macro-
phages in vitro (35). These observations indicate that v-3
LCPUFAs modulated APN production, which in turn may pro-
tect against neovascularization via TNF-a.

APN also influences blood glucose concentrations in a way
consistent with a protective effect in ROP. Neonatal hypergly-
cemia, common in preterm infants, increases the risk of ROP
(36–38). Decreased serum APN concentrations are positively
correlated with hyperglycemia in extremely premature infants
(39). APN increases insulin sensitivity through activating
PPARa and AMPK in liver and skeletal muscle (34). Suppres-
sion of APN receptor adipoR1 decreases PGC-1a activity and

FIGURE 5 APN partly mediates the protective effects of v-3 LCPUFAs against neovascularization. (A) Percentage of superficial vascular coverage over
total retinal area at P7 in WT and Apn2/2 mouse retinae (n = 10–12). Representative lectin-stained (red) retinal flat-mounts (B) and quantification (C) of vessel
loss and neovascularization at P17 from WT and Apn2/2 mice with either v-3 or v-6 LCPUFA-rich feeds from P1 to P17 (n = 7–18). n represent different
independent samples. Means6 SEMs, *P, 0.05, **P, 0.01, ***P, 0.001, NS, ANOVA. Scale bar: 1 mm. APN, adiponectin; LCPUFA, long-chain PUFA;
P, postnatal day; WT, wild type.

v-3 LCPUFAs INCREASE APN TO REDUCE ROP 885



leads to mitochondrial dysfunction through Ca2+ and AMPK/
SIRT1 and may contribute to insulin resistance in diabetes (40).
Administration of APN receptor agonist reduces plasma glucose
concentrations in type 2 diabetic mice (41). Thus, higher APN
concentrations in infants without ROP are consistent with a re-
duced ROP risk with respect to APN effects on insulin sensi-
tivity and blood glucose concentrations. However, further
investigations are needed to explore the insulin-sensitizing role
of APN in ROP.

In adults, dietary v-3 LCPUFA or fish oil increases serum
APN concentrations (42–44). We found that v-3 LCPUFAs in-
creased both total and bioactive HMW APN but not trimer or
hexamer forms in mouse serum. Although the contribution of
APN multimers to specific physiologic processes is not com-
pletely understood, considerable evidence suggests that HMW
APN is the most bioactive form (31, 45). HMWAPN suppresses
inflammation in cultured endothelial cells (46), and serum

HMW APN concentration is a more potent predictor of endo-
thelial dysfunction than total APN (47). Moreover, HMWAPN
is the active form in depressing serum glucose concentrations
and improving insulin sensitivity in diabetic patients treated
with thiazolidinedione, a PPARg agonist (48). Our current
findings suggested that serum HMWAPN (vs. other multimers)
was specifically increased with dietary v-3 LCPUFAs in OIR
and therefore might help mediate the protective effects of v-3
LCPUFAs against neovascularization in ROP.

WAT is the major source of circulating APN (32). ER stress is
induced in OIR WAT compared with non-OIR mice. Possibly
hyperoxia may lead to reduced blood vessel development in
adipose tissue, and the relative hypoxia may induce blood vessel
proliferation in white fat as in the retina. Oxygen treatment may
also influence the redox (reduction/oxidation) state of many
molecules in adipocytes. Together, these processes might lead to
signals that overwhelm the capacity of ER for protein production

FIGURE 6 Localization of APN receptors in the LCM retinal layers and blood vessels at P17. Schematic of the LCM retinal layers (DAPI for nuclei, blue)
and blood vessels (lectin, red) isolated is shown (outlined with dotted line). Expression of adipoR1, adipoR2, and T-cadherin was examined by using qPCR. n = 3.
Means 6 SEMs are shown (t test). APN, adiponectin; GCL, ganglion cell layer; INL, inner nuclear layer; LCM, laser-captured microdissected; OIR, oxygen-induced
retinopathy; ONL, outer nuclear layer; P17, postnatal day 17; qPCR, quantitative polymerase chain reaction.

FIGURE 7 Schematic illustration of proposed pathway for v-3 LCPUFA regulation of APN production via modulation of ER stress. In ER, activated
pERK-EIF2a pathway (an unfolded protein response) in adipocytes upregulates a central transcription factor CHOP, leading to inhibition of ERP44 synthesis,
an essential ER protein involved in APN assembly and secretion. Phosphorylation of EIF2a and CHOP upregulation are attenuated with v-3 LCPUFAs
compared with v-6 LCPUFAs, thereby increasing ERP44 protein concentrations and accelerating APN assembly to a higher-order form and secretion from
adipocytes into circulation. Increased serum higher-order forms of APN in turn bind their receptors adipoR1 and adipoR2 in retinal endothelial cells and
macrophages, mediating protective effects of v-3 LCPUFAs on retinal vasculature in retinopathy. APN, adiponectin; CHOP, C/EBP homologous protein;
EIF2a, eukaryotic initiation factor 2a; ER, endoplasmic reticulum; HMW, high molecular weight; LCPUFA, long-chain PUFA.
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related to blood vessel maintenance and growth, or redox reg-
ulation, which in turn might further disturb the ER homeostasis.
Dietary v-3 LCPUFAs helped reduce ER stress induction and
increased expression of the ER chaperone protein, ERP44. Ac-
cumulated unfolded proteins induce phosphorylation of EIF2a,
which in turn suppresses general protein translation (18). Pre-
vious studies also show that the induced ER stress marker CHOP
decreases ER chaperones for APN production, affecting APN
concentrations in diabetic mice and 3T3-L1 white adipocytes in
vitro (49). ERP44 covalently binds to APN and plays a major
role in the assembly of higher-order APN complexes (5, 50).
Therefore, we present evidence suggesting that v-3 LCPUFAs
regulated the assembly of HMWAPN by dampening ER stress
and increasing the ERP44 concentrations that promoted APN
assembly into the most bioactive HMW forms (Figure 7).

ROP risk factors include low GA, low birth weight, and poor
postnatal growth (15). Interestingly, APN concentrations in ne-
onates also positively correlate with GA and postnatal weight
gain (51). Full-term newborns have significantly higher APN
concentrations in cord blood than preterm infants, whereas babies
who are small for GA have lower APN concentrations than
appropriate-for-GA babies (52). There is a 20-fold increase of
APN in cord blood between 24 and 40 wk GA (53). In addition, in
premature infants, APN concentrations positively correlate with
weight gain (51). In premature infants, poor postnatal growth
starting at PMA 30 wk is linked with later development of ROP
(7). The association of APN and GA and weight gain is consistent
with our findings of a strong negative correlation between total
serum APN concentrations in infants and ROP development.

Clinically, there is published evidence that fish-oil lipid
emulsion supplementation reduces ROP incidence and severity
(10, 54, 55). Our clinical results are consistent with a v-3
LCPUFA protective effect starting at w30 wk PMA at the start
of phase II of ROP, suggesting suppression of retinal neo-
vascularization. Previously, we found in our mouse model of OIR
that dietary v-3 LCPUFAs directly suppress neovascularization of
phase II (4) and also promote revascularization after vessel loss,
without a significant effect on oxygen-induced vessel loss (12).
In the mouse OIR model, v-3 LCPUFAs seem not to influence
hyperoxia-induced vaso-obliteration of the blood vessels (12).
However, the mouse model of OIR may not reflect the hyper-
glycemia or low concentrations of IGF-1 often seen in preterm
neonates, necessitating further evaluation of v-3 LCPUFA ef-
fects on phase I ROP in a model including these variables.
Further research in preterm infants is also required.

In summary, our investigations identify a novel role of the
adipokine APN on ROP progression, and its serum concentra-
tions can be increased by dietary v-3 LCPUFAs in OIR. Further
exploration, particularly with respect to insulin resistance seen
in preterm infants, is needed. We focused on the effects of serum
APN in mouse OIR corresponding to our clinical findings. There
may also be local production of APN, which might contribute to
the antiangiogenic effect. In premature infants, relative hyper-
oxia after birth may contribute to adipose-ER stress, which may
affect APN concentrations. Knowledge of the effects of oxygen
on adipose stress in premature infants is limited. Nevertheless,
our findings serve as a foundation for a study of adiponectin and
v-3 LCPUFA supplementation in total parental nutrition, which
may help prevent ROP development in premature infants. This
study also indicates the possible benefits of increasing APN

concentrations or v-3 LCPUFA supplementation for possible
treatment of other ocular diseases with proliferative neo-
vascularization.
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