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Abstract
N-3 polyunsaturated fatty acids (n-3 PUFA) can alleviate ultraviolet B (UVB)-induced 
skin cancers, but their effects on sunburn and upcoming wound healing remain con-
troversial. This study aimed to explore the impact of n-3 PUFA-enriched fish oil (n-3 
PUFA-FO) on UVB-induced sunburns and subsequent healing. Sixty C57BL/6 female 
mice were divided into two groups. The treated group mice were fed n-3 PUFA-FO 
for the entire duration of the experiment. Mice in the control group were fed a stand-
ard diet. After two weeks of n-3 PUFA-FO feeding, mice were exposed to UVB for 
20 min and sacrificed 20 d later. Skin photodamage and lesion area were recorded 
during wound healing. Epidermal lesion thickness was quantified in hematoxylin and 
eosin-stained skin sections. Inflammation and macrophage polarization were assessed 
by qRT-PCR. Oxidative stress and antioxidant enzyme activity were quantified using 
specific ELISA kits. N-3 PUFA-FO feeding decreased UVB photodamage and acceler-
ated wound healing progression, both of which were coupled with less intense in-
flammation and increased macrophage M2 phenotype polarization. Furthermore, n-3 
PUFA-FO brought about a decrease in malondialdehyde (MDA) levels but increased 
the activity of catalase (CAT) and glutathione peroxidase (GP), without changing su-
peroxide dismutase (SOD) activity. N-3 PUFA-FO protects against UVB-induced skin 
photodamage and promotes wound healing by modulating macrophage phenotypic 
polarization and antioxidant enzyme activities. N-3 PUFA-FO could be a novel thera-
peutic approach for both the prevention and treatment of sunburns.
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1  | INTRODUC TION

Sunburns represent a significant public health problem because 
they are associated with several types of skin injury and a vari-
ety of skin cancers (Lim & Robson, 2001; Narayanan et al., 2010; 
Zalaudek et  al.,  2020). Ultraviolet B (UVB) rays, which are the 
most damaging spectrum of solar irradiation, can severely dam-
age various skin structures, resulting in erythema, edema, hyper-
plasia, photoaging, and even skin cancers (Bernard et  al.,  2019). 
These pathophysiological processes are usually considered to be 
the consequence of UVB-induced inflammation, oxidative stress, 
DNA damage, immunosuppression, and structurally destructive 
alterations of the skin (Bernard et  al.,  2019; Moore et  al.,  2013; 
Wagener et al., 2013).

The balance between omega-3 and omega-6 polyunsaturated 
fatty acids (n-3, n-6 PUFA) is crucial to human health (DeFilippis & 
Sperling, 2006; García-Esquinas et  al., 2019; Hooper et  al., 2006). 
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 
derived from fish oil are the two main types of n-3 PUFAs. An in-
creased intake of n-3 PUFA can reduce the occurrence of derma-
titis, melanogenesis, allergies, and skin cancer (Huang et al., 2018; 
Ilievska et al., 2016; Rodriguez-Cruz & Serna, 2017). These benefits 
are closely associated with less intense inflammation and diminished 
oxidative stress (de Bus et  al.,  2019). Therefore, n-3 PUFAs have 
been widely used as nutritional supplements and as ingredients in 
skincare products.

The long lifespan of humans has led to changes in eating habits 
that alter the balance between n-3 PUFA and n-6 PUFA. Modern 
diets are devoid of n-3 PUFAs. Moreover, mammals are unable to 
synthesize PUFAs (Kang,  2003). These realities increase the risks 
involved in exposing the skin to sunlight. Although n-3 PUFA can 
reduce UVB-induced skin diseases, the role of n-3 PUFAs in sunburn 
and subsequent wound healing remains controversial (McDaniel 
et  al.,  2008). Therefore, this study aims to clarify whether an in-
creased intake of n-3 PUFA-FO can safeguard skin health following 
UVB irradiation injury.

Herein, we report the results of investigating the ef-
fects of dietary supplementation with n-3 PUFA-FO on UVB-
induced acute skin damage and the subsequent wound healing 
progression, skin structure alterations, oxidative stress, and 
inflammation.

2  | MATERIAL S AND METHODS

2.1 | Ethical statements and animals

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of Jilin Agricultural University. Protocols 
were approved by all relevant guidelines and laws. The mice were 
anesthetized with isoflurane (970-00026-00, RWD, Shenzhen, 
China) and euthanized using CO2. Animals were housed individually 
in a temperature-controlled room at 24 ± 2°C, with 40%–60% hu-
midity and a 12 hr light/dark cycle, and fed ad libitum.

Sixty seven-week-old C57BL/6 littermate female mice were di-
vided into the treated and control groups. The treated group mice 
received a normal diet (1,025, HFK, Beijing, China) supplemented 
with n-3 PUFA-FO (100 μl/day; 18% EPA and 12% DHA, Piping Rock, 
NY, USA). Mice in the control group were solely fed a standard diet. 
The treated group was administered n-3 PUFA-FO (50 μl/day) by ga-
vage needle, and the control group was given the same amount of 
water by gavage needle. After 2 weeks of staying in the animal house, 
both mice groups were exposed to UVB (70 mJ/cm2) for 20 min. The 
treated mice were fed n-3 PUFA-FO for the entire duration of the 
experiments. The skin tissues were collected for subsequent studies 
as required. The experimental steps are shown in Figure 1.

2.2 | Skin lesions

Mice were anesthetized for observation on days 5 (D5), 10 (D10), 15 
(D15), and 20 (D20) post-irradiation. Images were taken with a cell 
phone (Mate 9, Huawei, Shenzhen, China) and analyzed using ImageJ 
software (Version 1.52; NIH, USA).

2.3 | Histology

At termination, the mouse dorsal skin was sampled and preserved in 
4% paraformaldehyde (PFA) overnight. Tissue sections (8 μm thick) 
from paraffin (40,631,172, Citotest, Jiangsu, China)-embedded skin 
samples were stained with hematoxylin and eosin (H&E) (PH1732, 
Phygene, Fuzhou, China). The slides were observed under a Zeiss 
microscope (Axiocam 503, Zeiss, Jena, Germany) and images were 

F I G U R E  1   Experimental flowchart
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captured. The images were analyzed using Zen lite software (version 
2.1, Zeiss, Jena, Germany).

2.4 | Quantitative real time-PCR (qRT-PCR)

Skin samples were collected and preserved in RNA-wait (BL621A, 
Biosharp, Hefei, China) at 4℃ overnight. The next day, samples were 
transferred to −80 ℃ for long-term storage until the next step. Total 
RNA was isolated from mouse dorsal skin samples using TRIzol® rea-
gent (9,109, Takara, Kusatsu, Japan). After extraction, RNA was quanti-
fied using a NanodropTM Spectrophotometer (NanoDrop One, Thermo 
Scientific, WI, USA). The cDNA was synthesized using the PrimeScript 
RT reagent Kit (RR047A, Takara, Kusatsu, Japan). The qRT-PCR was 
performed in an ABI-7300 (ABI, Foster City, CA, USA) using SYBR 
Green (B21203, Bimake, Shanghai, China) according to the manufac-
turer's instructions. Briefly, the final reaction volume was 20 μL (10 μL 
Master Mix, 1 μL forward primer, 1 μL reverse primer, 100 ng cDNA, 
0.4 μL ROX Reference Dye, deionized water) for each gene under the 
following thermal conditions: 95°C for 10 min, 95°C for 15 s, 60°C for 
60 s) for 40 cycles. Samples without reverse transcription were used 
as the negative controls. Gapdh was used as the control housekeeping 
gene. The primer sequences used are shown in Table 1.

2.5 | ELISA

Skin samples were collected, weighed, and then homogenized by 
ultrasound treatment (JY92-IIN, Ningbo Scientz, Ningbo, China) 
in cold Tris-HCl (5  mmol/L, containing 2  mmol/L EDTA, pH 7.4). 
Homogenates were centrifuged at 3,000  rpm for 15  min at 4°C, 
and the supernatants were stored at −80°C. Protein content was 

assessed using a BCA protein assay kit (P0012, Beyotime, Beijing, 
China). The superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GP) enzymatic activity were quantified; and 
malondialdehyde (MDA) levels were measured using enzyme-linked 
immunosorbent assay (ELISA) kits (A001, A007, A005, A003-1, 
Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Optical 
density (OD) values were measured using a microplate reader 
(Epoch, BioTek, Winooski, Vermont, USA).

2.6 | Statistical analysis

Data are means ±standard deviations (SDs). Using GraphPad Prism 
software (Version 6, San Diego, CA, USA), an unpaired two-tailed 
Student's t-test was used for statistical analyses. Differences were 
considered statistically significant at p ≤ .05.

3  | RESULTS

3.1 | N-3 PUFA-FO mitigated UVB-induced 
sunburns and accelerated wound healing

To determine the effects of n-3 PUFA-FO in sunburns, we kept the 
mice for 20 days after UVB exposure. The results showed that n-3 
PUFA-FO significantly reduced the damage intensity and acceler-
ated wound healing (p  ≤  .05, Figure  2a,b). To confirm the results 
further, D20 UVB-exposed skin samples were collected, and their 
histological sections were stained with H&E. N-3 PUFA-FO signifi-
cantly decreased the thickness of the damaged skin, indicating that 
n-3 PUFA-FO ameliorated UVB-induced sunburns and accelerated 
wound healing (p ≤ .05, Figure 2c,d).

TA B L E  1   List of primers used for qRT-PCR

Gene name Forward (from 5' to 3') Reverse (from 5' to 3')

Il-1b 5'-AAGAGCTTCAGGCAGGCAGTATCA-3' 5'-TGCAGCTGTCTAATGGGAACGTCA-3'

Il-6 5'-TCTATACCACTTCACAAGTCGGA-3' 5'-GAATTGCCATTGCACAACTCTTTC-3'

Mcp1 5'-CCAGCCTACTCATTGGGATCA-3' 5'-CTTCTGGGCCTGCTGTTCA-3'

Tnf-a 5'-ACGTCGTAGCAAACCACCAA-3' 5'-GCAGCCTTGTCCCTTGAAGA-3'

Ym1 5'-ACTTTGATGGCCTCAACCTGGACT-3' 5'-TGGAAGTGAGTAGCAGCCTTGGAA-3'

Fizz1 5'-ACTGCCTGTGCTTACTCGTTGACT-3' 5'-AAAGCTGGGTTCTCCACCTCTTCA-3'

Arg1 5'-ACCTGGCCTTTGTTGATGTCCCTA-3' 5'-AGAGATGCTTCCAACTGCCAGACT-3'

Mgl2 5'-TTAGCCAATGTGCTTAGCTGG-3' 5'-GGCCTCCAATTCTTGAAACCT-3'

Mrc1 5'-GTGCTGGTTGTGATAGCCATC-3' 5'-TGCTGACACTTACCATCAGGT-3'

Slamf1 5'-CAGAAATCAGGGCCTCAAGAG-3' 5'-CACTGGCATAAACTGTGGTGG-3'

Il12p40 5'-TGGTTTGCCATCGTTTTGCTG-3' 5'-ACAGGTGAGGTTCACTGTTTCT-3'

Il-1r 5'-GTGCTACTGGGGCTCATTTGT-3' 5'-GGAGTAAGAGGACACTTGCGAAT-3'

NF-κB 5'-TCCACTGTCTGCCTCTCTCGTC-3' 5'-GCCTTCAATAGGTCCTTCCTGC-3'

Ccl5 5'-GTGCTCCAATCTTGCAGTCG-3' 5'-AGAGCAAGCAATGACAGGGA-3'

Gapdh 5'-AGGTCGGTGTGAACGGATTTG-3' 5'-GGGGTCGTTGATGGCAACA-3'
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F I G U R E  2   N-3 PUFA-FO ameliorates 
UVB-induced sunburns. (a) Representative 
photos of post-sunburn wound healing 
at day 5 (D5), day 10 (D10), day 15 
(D15), and day 20 (D20). (b) N-3 PUFA-
FO accelerated post-sunburn wound 
healing. (mm2; control, 69.61 ± 65.03 
vs. n-3 PUFA, 20.18 ± 30.32, n = 9) (c) 
Representative H&E staining photos 
of skin at D20. Yellow arrows indicate 
the lesion thickness. (d) N-3 PUFA-FO 
decreased lesion thickness. (μm; control, 
92.25 ± 62.5 vs. n-3 PUFA, 41.79 ± 14.87, 
n = 8) * p ≤ .05

F I G U R E  3   N-3 PUFA-FO attenuated the intensity of UVB-induced inflammation. (a) Representative images of the dorsal skin of the 
mice, 24 h after sunburn. (b) N-3 PUFA-FO decreased Tnf-a (control, 1.42 ± 0.3826 vs. n-3 PUFA, 1 ± 0.1895, n = 6), NF-kB (control, 
1.428 ± 0.2896 vs. n-3 PUFA, 1 ± 0.207 5, n = 6), Mcp-1 (control, 1.3 ± 0.2726 vs. n-3 PUFA, 1 ± 0.1852, n = 6), and Ccl5 (control, 
1.443 ± 0.2921 vs. n-3 PUFA, 1 ± 0.2039, n = 6) genes expression levels 24 h after sunburn. *p ≤ .05
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3.2 | N-3 PUFA-FO attenuated UVB-induced 
inflammation

Sunburn is associated with inflammation, and n-3 PUFAs can reduce 
inflammation. To investigate whether n-3 PUFA-FO helped with the 
healing of sunburns by decreasing inflammation intensity, skin samples 
were collected and measured. Twenty-four hours after UVB exposure, 
skin erythema was visible to the naked eye. Clearly, n-3 PUFA-FO de-
creased the intensity of UVB-induced erythema (Figure 3a). To con-
firm these results, skin samples were collected and analyzed using 
qRT-PCR. The results showed that n-3 PUFA significantly decreased 
the expression levels of genes encoding various pro-inflammatory cy-
tokines (Tnf-a, NF-kB) and chemokines (Mcp-1, Ccl5) (p ≤ .05, Figure 3b).

3.3 | N-3 PUFA-FO shifted macrophage phenotype 
toward M2 during wound healing

There are two main subtypes of macrophages, M1 and M2. M1 mac-
rophages are mainly involved in pro-inflammatory responses in the 
early stages of wound healing, and M2 macrophages are mainly in-
volved in anti-inflammatory responses in the later stages of wound 
healing. Previous studies have shown that n-3 PUFA enhances M2 
macrophage polarization (Song et al., 2016), which contributes to tis-
sue repair. To confirm that n-3 PUFA-FO can push the macrophages 
to the M2 phenotype after sunburn, M1 and M2 biomarkers were 
measured by qRT-PCR. Seven days after the sunburn, the n-3 PUFA-
FO-treated group showed a lower expression of M1 markers and a 
higher expression of M2 markers (Figure 4).

3.4 | N-3 PUFA-FO attenuated UVB-induced 
oxidative stress

Accumulation of macrophages promotes the production and re-
lease of ROS (Castaneda et  al.,  2017), which are harmful to the 
skin (Rinnerthaler et  al.,  2015). To investigate the role of n-3 

PUFA-FO in UVB-induced oxidative stress, we measured the bio-
marker MDA and assessed the activity of related antioxidant en-
zymes 24 hr after sunburn. The results showed that n-3 PUFA-FO 
consumption markedly decreased MDA levels (p ≤ .05, Figure 5a) 
while increasing the activity of the antioxidant enzymes CAT and 
GP (p ≤ .05, Figure 5b,c); however, it did not change SOD activity 
(Figure 5d).

4  | DISCUSSION

Although sunburns entail acute photodamage, they are often diffi-
cult to perceive before tissue injury occurs. People usually prefer to 
use physical sunscreens to avoid sunburns, and medications to repair 
any subsequent photodamage. However, the risk of skin photodam-
age remains high. This study shows that n-3 PUFA-FO can mitigate 
sunburns by attenuating inflammation intensity and by increasing 
the activities of antioxidant enzymes CAT and GP. In addition, they 
demonstrated that n-3 PUFA-FO can accelerate sunburn wound 
healing by pushing macrophages to shift toward the M2 phenotype. 
Our results justify the development of new sunscreen and skin re-
pair products. Consumption of fish oil supplements can increase skin 
protection, especially in the case of people who are often exposed to 
the sun and its UVB rays.

It is well known that macrophages are one of the main pro-
ducers of ROS and that increased oxidative stress accelerates 
skin damage and skin aging. Previous studies have shown that n-3 
PUFAs not only reduce inflammatory factors and oxidative stress, 
but also increase the expression of antioxidant proteins, such as 
Nrf2, heme oxygenase-1, NAD(P)H:quinone oxidoreductase-1, 
and thioredoxin-1 (Naoya et  al.,  2010; You-Rong et  al.,  2011; 
Yum et  al., 2017, 2018). In line with this, our study shows that 
the reduction of inflammation intensity occurred with a simulta-
neous decrease in the levels of MDA, a marker of oxidative stress. 
Moreover, n-3 PUFA-FO increased the activity of antioxidant en-
zymes such as CAT and GP at the same time. Comparable results 
were observed in other tissues, but to the best of our knowledge, 

F I G U R E  4   N-3 PUFA-FO induced 
macrophages to shift toward the M2 
phenotype. (a) Expression levels of M1 
and M2 biomarkers 7 days post-sunburn. 
(n = 6) * p ≤ .05; **p ≤ .01; ***p ≤ .005
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this is the first time that such mechanisms have been shown to be 
functionally observed in the skin. Thus, we posit that the protec-
tive role of n-3 PUFA is based on a reduction in pro-inflammatory 
cytokines and oxidative stress, and increased activity of antioxi-
dant enzymes.

In addition to revealing an anti-sunburn action, our results also 
highlighted the long-term effect of n-3 PUFA-FO on post-sunburn 
wound healing. Several studies have shown that n-3 PUFA promotes 
wound healing and is associated with a decreased macrophage M1 
phenotype and increased M2 phenotype, fibroblast distribution, 
and collagen fiber (De Boer et  al.,  2015; Hankenson et  al.,  2000; 
Jacobi et al., 2012; Peng et al., 2018; Song et al., 2016). Generally, 
macrophage subsets are involved in a variety of functions (Hamilton 
et  al.,  2014). M1 macrophages accumulate in the early stages of 
injury and drive the inflammatory response. Later on, the propor-
tion of M2 macrophages will gradually increase, and by mitigating 
inflammation, advance tissue repair (Benoit et al., 2008). Our results 
clearly showed that the n-3 PUFA-FO group had a weaker inflamma-
tory reaction on the first day after sunburn, which prompted us to 
assess the two macrophage phenotypes at D7 post-sunburn. These 
results are consistent with our hypothesis regarding the benefits of 
n-3 PUFA-FO.

However, some studies put forward a different view, that is that 
n-3 PUFA can inhibit wound repair and increase inflammation inten-
sity (McDaniel et al., 2008). This discrepancy may be related to dif-
ferences in the models, study methods, and injury types. Mechanical 
injury causes loss of skin tissue. This type of wound healing involves 
cell dedifferentiation, transdifferentiation, and differentiation. 
Tissue regeneration is related to stem cells. Age, regenerative micro-
environment, and oxidative stress may affect the growth, migration, 
and differentiation of stem cells. The healing mechanism of sunburn 
differs from that of mechanical injury; hence, the results are dissim-
ilar. However, our results collectively confirm the beneficial effects 
of n-3 PUFAs on sunburns because of their influence on macrophage 
phenotypes and oxidative stress.

Furthermore, ROS and macrophages can modulate each other 
(Tan et  al.,  2016). ROS crucially regulates monocyte recruitment 
and macrophage polarization, while macrophage subsets notably 
affect the generation and fate of ROS. Therefore, we assume that 
the observed decreases in the inflammatory response and oxida-
tive stress, and the enhanced activity of the two antioxidant en-
zymes reduced the accumulation of M1 macrophages by curtailing 
ROS production.

5  | CONCLUSIONS

In conclusion, our results show that n-3 PUFA-FO protects against 
UVB-induced photodamage and promotes sunburn wound heal-
ing by modulating macrophage phenotypic polarization and anti-
oxidant enzyme activity. Therefore, n-3 PUFA-FO can be used as a 
nutritional supplement and as a prophylactic agent to maintain skin 
health and homeostasis.
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