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Intrauterine growth retardation (IUGR) impairs immune function in children. IUGR is associated with an
imbalance of oxidative stress and abnormal apoptosis. Therefore, an IUGR rats model was established to
determine the antioxidant capacity and apoptosis in newborn IUGR rats and explored whether these
effects were regulated after Docosahexaenoic acid (DHA) supplementation to rat pups. First, eight
normal-birth-weight (NBW) and eight IUGR neonatal rats (a 10% low-protein diet) were used to obtain
the antioxidant capacity and apoptosis in IUGR rat pups. Then, 32 newborn rats were randomly assigned
to the normal birth weight (NBW), DHA supplementation for NBW (ND), IUGR, and DHA supplementation
for IUGR (ID) groups. Starting from the 7th day after birth, DHA was given to the experimental group and
the same volume of distilled water was given to the control group for 21 days. (1) DHA improved the
serum and spleen CD4/CD8 ratios and IL-4 and IFN-c mRNA expression. (2) DHA decreased the level of
MDA, but increased T-AOC in serum and spleen. (3) DHA increased the protein expression of Bcl-2 while
decreased Bax. (4) DHA increased protein expression of the Nrf2 signaling pathway and the downstream
antioxidant genes GSH-PX and CAT. DHA may alleviate the impairment of spleen cellular immunity in
IUGR rat pups by inhibiting oxidative stress and apoptosis related to the activation of Nrf2 signaling
pathway.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Intrauterine growth restriction (IUGR) is defined as a fetus
whose weight is less than two standard deviations of average
weight for the same age or the 10th percentile of weight for the
age (Black et al., 2008; Dong et al., 2015; Ferguson, 1978; Raqib
et al., 2017). The morbidity and mortality of low birth weight
(LBW) neonates are known to be high (Valero De et al., 2004;
Yan et al., 2019), and urgently require researchers to investigate
the immune function of LBW. Amarilyo et al. (2011) implied that
IUGR infants with low immunity were at greater risk of infection.
A study reported that impaired intestinal mucosal immune func-
tion in IUGR piglets is associated with a T lymphocyte subpopula-
tion imbalance (Dong et al., 2015). The spleen is an important
peripheral immune organ, which contains T cells and B cells to pro-
duce immune responses (Bronte and Pittet, 2013). Studies have
shown that the pathogenesis of IUGR involved oxidative stress
(Mert et al., 2012) and cell apoptosis (Wang et al., 2017; Zhang
et al., 2020), etc. However, the specific mechanism of spleen
immune function impairment in newborns with IUGR remains to
be further clarified.

A pathway, Nrf2, is that regulates oxidative stress in cells and
can directly affect the oxidative stress level of the body. At present,
it has been deemed that Nrf2 is a protective molecule in the patho-
logical process of IUGR. Studies have shown that curcumin can
improve the antioxidant capacity of IUGR piglets’ liver by activat-
ing Nrf2 (Niu et al., 2019) and reduce jejunal damage in IUGR pig-
lets (Yan et al., 2019). In addition, activation of Nrf2 signaling has a
protective effect on immune suppression in the spleen (Wang
et al., 2018). However, whether and how the Nrf2 signaling path-
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way is related to the immune function impairment in spleen of
IUGR is unclear.

DHA is a kind of polyunsaturated fatty acid, which is mainly
derived from deep-sea fish oil. DHA has immunomodulatory,
antioxidant functions, inhibits apoptosis and others activities
(Chaung et al., 2013; Sahin et al., 2012; Zhu et al., 2018). Therefore,
an IUGR rat model was designed to elucidate the effects of DHA on
IUGR rat pups. In this study, the cellular immune function of the
spleen and oxidative stress markers, key proteins of apoptosis
and key factors of Nrf2 in the spleen of an IUGR rat model were
determined. Then, the protective mechanism of DHA on the
immune function of the spleen of IUGR rats is discussed. We hope
that this research will provide new insight into alleviating impair-
ment of spleen immunity in IUGR.
2. Materials and methods

2.1. Experiment design

The experiment procedures were approved by the Animal
Ethics Committee of Central South University, China (NO: 2019sy-
dw0176), which meet the requirements of the Chinese Guidelines
for Animal Experimental Protocol. Hunan SJA Laboratory Animal
Co, Ltd (Changsha, China) provided the experimental Sprague-
Dawley (SD) rats. And twelve female rats and six male rats were
obtained from this company. The experimental rates were housed
in an animal facility (24 ± 2 �C, with a 12-h/12-h light/dark cycle)
in animal laboratory center, Central South University (Chang sha,
China). The IUGR rats model was established. The date on the first
day of pregnancy was recorded.

The control group (NBW group) received routine feed (21% pro-
tein) during pregnancy until natural delivery. The IUGR group was
fed a 10% low-protein diet to establish the IUGR animal model dur-
ing pregnancy and was fed until natural delivery. Each newborn rat
was recorded, and then, they were weighed daily. Rats were fed a
routine feed (21% protein) after delivery. Thirty-two newborn rats
were randomly selected and allocated to NBW, IUGR, ND
(NBW + DHA supplementation) and ID (IUGR + DHA supplementa-
tion) group. Each group included 6 rats (3 males and 3 females).
Starting from the 7th day after birth, the rats in ND group and ID
group were given DHA 300 mg/kg every day, and the rats in
NBW group and IUGR group were given distilled water at the same
volume until day 28. Samples were collected on the 28th day.
2.2. Sample collection

On the 28th day after delivery, blood was collected from rat
pups by cardiac puncture using 10% chloral hydrate for anesthesia.
When the blood was centrifuged, serum was gained and stored at
�20 �C. Then, spleen tissue samples were quickly obtained in order
to work for further analysis.
Table 1
Primer sequences and amplification lengths of the destination fragments.

Genes Primer sequences Product lengths (bp)

Actin For ACATCCGTAAAGACCTCTATGCC 223
Rev TACTCCTGCTTGCTGATCCAC

IL-4 For CGTGATGTACCTCCGTGCTT 183
Rev GGACTGCAAGTATTTCCCTCGT

IFN-c For CAACCAGGCCATCAGCAAC 227
Rev CCCAGAATCAGCACCGACT

CAT For ATAGCCAGAAGAGAAACCCACA 108
Rev CGCTGAACAAGAAAGTAACCTG

GSH-Px For TCATTGAGAATGTCGCGTCCCT 240
Rev TCTCACCATTCACCTCGCACT
2.3. Flow cytometry

Fresh anticoagulant blood samples (2 ml) were taken and
slowly added into a centrifuge tube containing mononuclear cell
separation solution after constant volume dilution, centrifuged
for 30 min to obtain cell precipitation. Cells were washed with
PBS and collected. CD4 (eBioscience, 11–0040-82) and CD8 (eBio-
science, 12-0084-82) antibodies were added and incubated at
4 �C in dark for 30 min. The flow cytometry (BZ-X800, Keyence,
Japan) was used to detect cells.
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2.4. Immunofluorescent double-labelled staining

Spleen tissue samples were placed in 10% formaldehyde solu-
tion and paraffin-embedded. Five successive slices of spleen tissue
were selected and baked for 12 h, and then dehydrated. Antigen
retrieval was performed and nonspecific binding sites were
blocked. After washed, the experimental slides were incubated
by using primary antibodies against CD4 (1:50, Invitrogen, MA5-
17390) and CD8 (1:50, Abcam, ab237709) for 1 h. The antimouse
IgG (H + L) (1:50, Proteintech, USA, SA00013-4) were used to incu-
bate the antibodies. DAPI (Wellbio, Hunan, China, NO. AR1176) was
used to counterstained the nuclei. A fluorescence microscope
(BA410, Motic, China) was used to get images. CD4 and CD8 in
spleen tissues were calculated and assessed.

2.5. Antioxidant index analysis in spleen

Spleen tissue samples at �80 �C were homogenized in a sodium
chloride buffer in order to detect Malondialdehyde (MDA) and
Total antioxidant capacity (T-AOC). The supernatant was cen-
trifuged for 10 min in order to implement further determination.
MDA assay kits (A003-1) and T-AOC assay kits (A015-2-1) were
offered by Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The detailed method for detecting MDA and T-AOC were
implemented based on the manufacturer’s instructions.

2.6. Gene expression in spleen

IL-4, IFN-c, GSH-PX and CAT were detected by qRT- PCR. Total
RNA in spleen samples was extracted using Trizol (Thermo, USA).
The absorbance was measured at 260 nm and 280 nm by uv spec-
trophotometer, and the concentration and purity were calculated.
The PrimeScript RT Reagent Kit (CoWin, Beijing, China) was made
use of transcribing RNA into cDNA based on the manufacturer’s
instructions. SYBR (CoWin, Beijing, China, NO. CW2601) was used
to conduct PCR using the green PCR core reagent in a RT PCR sys-
tem. Amplified samples were added to the reaction with actin
mRNA as an internal reference to regulate the expression of pro-
tein. The target genes can be calculated based on the 2�44Ct

method (Livak and Schmittgen, 2001). Table 1 was the gene-
specific primers in this study.

2.7. Protein expression determined by western blotting

The protein Bcl-2, Bax, Nrf2 in spleen was detected by western
blot analysis. Protein was extracted by homogenizing spleen tissue
in ice-cold RIPA buffer (Merck Milli Wave, Darmstadt, Germany),
and protein of spleen was obtained by using a BCA kit (Beyotime
Institute of Biotechnology, Nantong, China), which was transferred
to PVDF membranes after SDS-PAGE. The primary antibodies
against Keap 1 (diluted 1:3000,Proteintech, USA), Bcl-2 (diluted
1:1000, Proteintech, USA), Bax (diluted 1:5000, Proteintech, USA)



Table 2
DHA improved the CD4/CD8 ratio in IUGR rat pups (28 d).

Items Group SEM P

NBW IUGR ID ND

CD4:CD8
Blood 1.65 0.64* 1.37# 1.72 0.19 0.021
Spleen 1.91 0.71* 1.65# 1.95 0.56 0.023

*P < 0.05 represents a significant difference (P < 0.05) in IUGR versus NBW, and #P < 0.05 represents a significant difference (P < 0.05) in ID versus IUGR.
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and b-actin (diluted 1:5000, Proteintech, USA) were used to incu-
bate the membranes. After incubation, the membranes were cul-
tured using antibodies (HRP goat anti-mouse IgG, Proteintech,
1:5000 dilution, No. SA00001-1) for 2 h. ECL Chemidoc XRS
(Bio-Rad, Marnesla-Coquette, France) was used to detect the blots.
Photographs of the membranes were quantitative analysis by using
WB imaging system (JP-K300, Jiapeng Technology, China).
Fig. 1. CD4 and CD8 in spleen of IUGR rat pups (28 d) in four groups: NBW (A), IUGR (B
fluorescence. IL-4 (E) and IFN-c (F) in IUGR spleens (28 d) was showed. ** represents a s
(P < 0.01) versus IUGR.
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2.8. Statistical analysis

The experimental data was analyzed by SPSS 24.0 (Chicago,
USA). The data was expressed as the mean ± standard deviation
(mean ± SD), and one-way ANOVA was used for statistical com-
parisons. A P < 0.05 was identified as having statistical
significance.
), ID (C) and ND (D). CD4 is shown as green fluorescence, and CD8 is shown as red
ignificance difference (P < 0.01) versus NBW. ## represents a significance difference



Fig. 2. DHA-attenuated oxidative stress in IUGR rat pups (28 d). (A) MDA and (B) T-AOC.

Fig. 3. (A) Representative images of Nrf2 and Keap 1; Protein expression of Nrf2 (B) in spleen; (C) and (D) was the gene expression of GSH-Px and CAT. **P denotes an obvious
difference versus NBW. ## denotes an obvious difference versus IUGR (28 d).
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3. Results

3.1. DHA alleviates impairment of cellular immunity in spleen of IUGR
rat pups (28 d)

3.1.1. CD4/CD8 ratio of T lymphocytes
Table 2 shows that the CD4/CD8 ratios in blood and spleen

decreased in IUGR (28 d) versus NBW (P < 0.01), and these ratios
were obviously increased in ID compared with IUGR (P < 0.01).
No significant differences have been detected between ND and
NBW (P > 0.05).
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3.1.2. Effect of DHA on gene expression
Fig. 1 (E-F) showed that IL-4 and IFN-c obviously decreased

(P < 0.01) in IUGR (28 d), but greatly increased (P < 0.01) in ID.
No significant differences have been detected between ND and
NBW (P > 0.05).

3.2. DHA alleviates oxidative stress in IUGR rat pups

The expression of MDA and T-AOC was investigated so as to
detect the oxidation in serum and spleen. In Fig. 2(A-B), Compared
with NBW group, MDA was greatly increased (P < 0.01) (Fig. 2A),



Fig. 4. Effects of DHA on the apoptosis pathways in spleen mitochondria in IUGR rat pups. (A) Representative images of Bax and Bcl-2; The protein expression of Bax (B) and
Bcl-2(C). **P < 0.01 denotes a significant difference versus the NBW. ## denotes a significant difference versus IUGR (28 d).
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while T-AOC was decreased in serum and spleen of IUGR group
(P < 0.01) (Fig. 2B). MDA was obviously decreased (P < 0.01) while
T-AOC was greatly increased (P < 0.01) in the ID versus IUGR. No
significant differences have been detected between ND and NBW
(P > 0.05).
3.3. DHA activates the Nrf2 signaling pathway in IUGR rat pups in
spleen (28 d)

The proteinsNrf2 were obviously decreased in IUGR versus
NBW (28 d) (P < 0.01), and they were obvious increase (P < 0.01)
in ID versus IUGR (Fig. 3B). No significant differences have been
detected between ND and the NBW (P > 0.05).

The Nrf2 downstream target genes GSH-PX and CAT were obvi-
ously reduced (P < 0.01) in IUGR versus NBW (28 d) (Fig. 3D-E).
GSH-PX and CAT were greatly increased (P < 0.01) in ID versus
IUGR. No significant differences have been detected between ND
and NBW (P > 0.05).
3.4. DHA attenuates IUGR apoptosis in the spleen

The protein expression of Bax significantly increased (28 d)
(P < 0.01), while Bcl2 greatly reduced in IUGR versus NBW
(P < 0.01) (Fig. 4B-C). The protein Bax greatly reduced in ID versus
IUGR (P < 0.01), while Bcl2 greatly increased in ID (P < 0.01). No sig-
nificant differences have been detected between ND and NBW
(P > 0.05).
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4. Discussion

This study revealed that DHA alleviates impairment of spleen
cellular immunity by activating Nrf2 signaling pathway in IUGR
rat pups. The detailed findings were as follows: (1) DHA alleviated
cellular immune impairment of rat pups by improving the serum
and spleen CD4/CD8 ratios and IL-4 and IFN-c mRNA expression
in the spleen; (2) DHA alleviated oxidative stress in IUGR rat pups.
Specifically, DHA promoted the expression of T-AOC and reduced
the expression of MDA in ID group. (3) DHA attenuated apoptosis
through activating of Nrf2 and downstream target genes (GSH-PX
and CAT). These findings may provide substantial evidence that
indicates that DHA can alleviate the impairment of spleen cellular
immunity in IUGR rat pups, which may be relevant to activate Nrf2
signaling.

The spleen contains a large number of lymphocytes, of which T-
lymphocytes account for 35%-50% and are involved in the cellular
immune response (Tarantino et al., 2011). Different helper T lym-
phocyte (Th) cell subsets play different functions in the immune
response (Mukhopadhyay et al., 2014; Zhu and Paul, 2008). CD4
is the main surface marker of Th and participates in killing, clear-
ing, secretion of cytokines and other functions. CD8 is the surface
marker of CTLs, and these cells have a negative regulatory effect
on humoral and cellular immunity while inhibiting the immune
regulatory function of other immune cells (Huang and August
2015). The ratio of CD4+/CD8 + can reflect the immune state of
body, and a decrease in this ratio indicates that the immune func-
tion of the body is inhibited (Zhu and Paul, 2008). The key cytoki-
nes IL-4 and IFN-c regulate the immune response. Dong et al.
(2015) found that when the serum IL-2 and IL-10 levels were
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low in IUGR piglets, the percentage of CD8 was increased in blood
and spleen, and intestinal mucosal immunity related to the imbal-
ance of T lymphocyte subsets was reduced. Sorensen et al. (2009)
found that immunomodulatory nutrition (IMN) increased
CD4/CD8 ratio with perioperative cancer patients and alleviated
immunosuppression in these patients. Talvas et al. (2015) found
that immune nutrients containing DHA could enhance cellular
immune function and antioxidant defense in cancer patients. Our
study showed that DHA can increase the serum and spleen
CD4/CD8 ratio of IUGR offspring rats, increase the spleen cytokines
IL-4 and IFN-c, and enhance cellular immune function, suggesting
that DHA can effectively relieve the immune impairment of IUGR
rat pups, which is consistent with previous studies. Thus, further
discussion will be carried out to analysis the effects of DHA on
oxidation and apoptosis in spleen of IUGR rat pups.

DHA is a polyunsaturated fatty acid, and is susceptible to oxida-
tion (Song et al., 2000). Previous studies have found that dietary
DHA regulates immunity, thereby improving abnormal immune
function. DHA supplementation can reduce the incidence of the
cold and affect the duration of disease symptoms for children
(Imhoff-Kunsch et al., 2014). It revealed that DHA protected cells
away from oxidative stress (Che et al., 2018; Molinar-Toribio
et al., 2015; Tatsumi et al., 2020). Additionally, DHA can activate
the Nrf2 pathway and has an antiapoptotic effect (Clementi et al.,
2019; Zhu et al., 2018). Saw et al. (2013) showed that DHA can
induce antioxidant ability through Nrf2 in HepG2-C8 cells. Geng
et al. (2018) found that DHA significantly increased the GSH-PX
and CAT in breast cancer tissues and reduced the MDA concentra-
tion. Appropriate supplementation of DHA in the diet increases the
activities of SOD and CAT (Yu et al., 2016). In this study, IUGR rats
added DHA have obviously decreased expression level of MDA and
increased expression levels of T-AOC in the spleen of IUGR rat
pups, which indicated that DHA inhibited oxidative stress in spleen
of IUGR rat pups. Additionally, DHA increased GSH-PX and CAT in
spleen of ID rat pups compared with IUGR rats (P < 0.05), indicating
that DHA inhibited oxidative stress in the spleen of IUGR rat pups,
which is similar to previous research results.

Oxidative stress mediates apoptosis through death receptors,
endoplasmic reticulum stress, mitochondria and other pathways
and may also induce apoptosis through activation the pathways,
such as mitogen-activated protein kinase, and caspases. Oxidative
stress can produce some oxidative intermediates, such as MDA and
T-AOC. MDA is an effective indicator that reflects the levels of
oxidative damage, as well as the production of oxygen free radicals
(Song et al., 2000). T-AOC is an important index that reflects the
antioxidant capacity, and reflects free radicals in body. Therefore,
the levels of MDA and T-AOC were used to reflect the oxidative
damage and antioxidant capacity of the body. Su et al. (2017)
found that the IUGR piglet jejunum had an increased MDA concen-
tration and apoptosis index compared to the normal one. Zhang
et al. (2020) found that the increase in hepatocyte apoptosis in
IUGR piglets related to the accumulation of oxidative damage
products. In the current study, similar to previous results, apopto-
sis increased in the spleen of IUGR rat pups, and DHA significantly
reduced the apoptotic gene Bax protein and increased the anti-
apoptotic gene Bcl2 protein in the spleen of IUGR rat pups
(P < 0.01), indicating that DHA has an negative effect on apoptosis
in spleen of IUGR rat pups.

To further explore the spleen immune regulation mechanism of
DHA in IUGR rat pups, the Nrf2 signaling pathway was measured.
Nrf2 is an important transcription factor that regulates cell’s redox
state (Motohashi and Yamamoto, 2004; Yu et al., 2019). Nrf2 not
only mediates antioxidant stress but also effectively improves
immune suppression (Farombi et al., 2008; Kaspar et al., 2009).
In this study, DHA reduced MDA and increased Nrf2 expression,
suggesting that DHA activates Nrf2 to add the antioxidant capacity
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of MDA and enhance immune function. Additionally, the Nrf2 sig-
naling pathway is closely related to apoptosis. In this study, DHA
promoted protein expression of Nrf2 in IUGR rat pups, indicating
Nrf2 was activated. DHA enhanced the expression of Nrf2 and
downstream genes (GSH-PX and CAT), indicating that DHA
improves antioxidant capacity in spleen through Nrf2 signaling
pathway. Nevertheless, the limitations of our study lie in the lack
of Nrf2 inhibitor experiments. The mechanism of Nrf2 pathway
in spleen in IUGR rat pups still requires further study. And clinical
applications of DHA will have a further work.

5. Conclusion

In summary, this study verified that IUGR impaired cellular
immune function and antioxidant capacity of the spleen in rat pups
and increased apoptosis in the spleen. Dietary supplementation
with DHA effectively improved cellular immune function,
enhanced Nrf2 and the antioxidant enzyme GSH-PX in the IUGR
spleen of rat pups, and inhibited apoptosis in the spleen. Our find-
ings provide a promising strategy for the early intervention of IUGR
children with nutritional therapy.
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