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 Background: Lung ischemia/reperfusion injury (LIRI) is a medical problem featuring pulmonary dysfunction and damage. The 
present study aimed to investigate the protective effects of erythropoietin (EPO), which has been reported to 
be an anti-inflammatory agent, on LIRI through inhibiting the TLR-4/NF-kB signaling pathway.

 Material/Methods: All rats were randomly divided into 3 groups (n=8): a control group, a vehicle+LIRI group, and an EPO+LIRI group. 
LIRI included 90-min ischemia and 120-min reperfusion, while RhEpo was administered (3 kU/kg) intraperito-
neally 2 h before the operation. Levels of pulmonary inflammatory responses were examined by analyzing pul-
monary permeability index (PPI), oxygenation index, histology, and expressions of inflammatory cytokines.

 Results: Pretreatment with EPO significantly decreased lung W/D ratio, BALF leukocytes count and percentage, and PPI 
but increased oxygenation index compared with the LIRI group (P<0.05). More importantly, with EPO pretreat-
ment there was less pathological damage compared with the vehicle group. Expressions of inflammatory cy-
tokines (TNF-a, IL-6, and IL-1b) in the serum were significantly lower in the EPO group than in the LIRI group 
(P<0.05). In addition, gene expression and protein expression of TLR-4 and NF-kB were significantly inhibited 
with EPO pretreatment compared with the LIRI group (P<0.05).

 Conclusions: Our study id the first to report that EPO protects lung injuries after LIRI through inhibiting the TLR4-NF-kB sig-
naling pathway, which provides solid evidence for the use of EPO as a therapeutic agent for treating LIRI in the 
future.
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Background

Lung ischemia/reperfusion injury (LIRI) is a critical problem 
in research and in clinical practice [1,2]. It is well known that 
LIRI can occur after lung transplant, cardiopulmonary bypass, 
pneumonectomy, and post-enucleation of pulmonary embolism, 
which can cause pulmonary dysfunction and damage [3,4]. The 
mechanism and clinical courses of LIRI have been well inves-
tigated. Oxygen radicals, inflammatory cytokines, and leuko-
cytes have recently been identified to play key roles [5]. Since 
the mechanisms involved in LIRI are complicated and cross-
linked, demonstrating an explicit mechanism could help to 
prevent the potentially severe complications [6].

Toll-like receptors (TLRs), a family of pattern recognition re-
ceptors, provide a first line of defense against bacterial and 
viral pathogens. It is also reported that TLRs are initial sites 
for inflammatory signaling activation in the lung during isch-
emia and reperfusion [7–10]. TLR-4, originally regarded as re-
sponding only to specific bacterial ligands, is now proved to 
be activated by many signals induced by stressed, necrotic, or 
injured cells [11,12]. TLR-4 has been reported to be a key mod-
ulator in a number of models of ischemia-reperfusion. More 
recently, TLR-4 was reported to be a key factor in the patho-
genesis of LIRI, in which the activation of TLR4 of alveolar mac-
rophages was thought to be the initial step [13]. Activation 
of TLR4 results in the nuclear translocation of nuclear factor-
kappa B (NF-kB), an essential regulator involved in the pro-
ductions of several inflammatory cytokines, such as tumor ne-
crosis factor-a (TNF-a), interleukin-6 (IL-6), and IL-1b [14,15].

Erythropoietin (EPO) is a cytokine responsible for erythropoie-
sis. EPO has been proved to protect against inflammatory in-
juries [16,17]. In addition, it is reported that EPO can reduce 
the production of inflammatory mediators [18]. Recently, it 
was reported that RhEpo can reduce I/R-induced lung injuries 
through its anti-inflammatory effects, but the mechanism is 
still unclear [19].

In the present study, we assessed the protective effects on LIRI 
and the associated mechanism in rat models of LIRI. Particularly, 
we explored the protective effects of EPO on the expressions 
of TLR4, NF-kB, and inflammatory cytokines, as well as chang-
es in pulmonary function and structure.

Material and Methods

Animals and groups

All experiments were conducted following the regulations 
for experimental animal welfare and were approved by the 
Committee for Animal Experiments at West China Hospital, 

Sichuan University. Male Sprague-Dawley (SD) rats, weighing 
200–250 g, were purchased from the Animal Center of Sichuan 
University and were kept at a constant temperature (23±1°C) 
with a 12 h: 12 h light/dark cycle. Recombined human eryth-
ropoietin (RhEpo) was purchased from Shenyang Sunshine 
Pharmaceutical Co. Ltd. (Shenyang, China).

SD rats were divided randomly into 3 groups (n=8): a control 
group, a vehicle+LIRI group, and an EPO+LIRI group. In the 
control group, animals just received mechanical ventilation 
for 3.5 h, after which we performed a thoracotomy. In the ve-
hicle group, 2 ml of normal saline was administered by intra-
peritoneal injection 2 h before the operation, then rats under-
went the experimental protocol of 90-min left lung ischemia 
and 120-min reperfusion [20]. In the EPO group, we adminis-
tered RhEpo (3 kU/kg [19] diluted in 1 ml saline solution) by 
intraperitoneal injection 2 h before the operation, and the rest 
of the protocol was the same.

Collections of blood, bronchoalveolar lavage fluid (BALF), 
and tissue

Blood was collected from all rats and the BALF was then col-
lected by intratracheally washing the right lungs with a total 
of 5 ml phosphate buffer solution (PBS). BALF was then cen-
trifuged at 5000 rpm for 10 min. The precipitate and super-
natant were collected for the next studies.

Lung tissue Wet/Dry (W/D) ratio

The rest of lung tissue was weighed immediately and record-
ed as the wet weight. The tissue was then dried for 48 h in a 
70°C dry-box and weighed as the dry weight. W/D ratio was 
calculated as an indicator for pulmonary edema.

BALF leukocyte, neutropil count and percentage, and PPI

The BALF precipitate was studied for the number of leukocytes 
and neutrophil percentage. Protein analysis was performed in 
the BALF supernatant and serum. PPI was calculated as the ra-
tio of BALF protein level to serum protein level.

Oxygenation Index

PaO2 was measured by arterial blood gas analysis, and the ratio 
of PaO2 to FiO2 was then calculated as the oxygenation index.

Hematoxylin & eosin (HE) staining

Lung tissues were fixed in 4% paraformaldehyde and embed-
ded in paraffin. We made 5-μm sections and stained them with 
HE using a standard protocol. The slides were examined by a 
pulmonary pathologist who was blind to animal grouping. Each 
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slide was given a score based on the 3 hallmarks (neutrophils, 
alveolar edema, and interstitial infiltrate), and the total score 
was calculated (ranging from 0 to 9, with 0 representing nor-
mal lung and 9 the most injured lung) [21].

Serum cytokines levels

The serum was obtained from blood samples by centrifuged 
at 5000 rpm for 10 min and analyzed by specific ELISA kits 
(R&D Systems, Minneapolis, MN) to determine the levels of 
cytokines TNF-a, IL-6, and IL-1b.

mRNA levels of TLR4 and NF-kB

RNA was obtained by using Trizol solution (Invitrogen, USA) 
and reversed with the specific kit (Invitrogen, USA). Rt-PCR 
was performed as follows: 95°C for 90 s, followed by 35 cy-
cles (95°C for 5 s and 59°C for 30 s).
Primer for TLR4:
forward: 5 -TTATCCAGAGCCGTTGGTGT-3,
reverse: 5-CCCACTCGAGGTAGGTGTTT-3.
Primer for NF-kB:
forward: 5 -TTCCTGCTTACGGTGGGATT-3,
reverse: 5 -CCCCACAT CCTCTTCCTTGT-3.
Primer for GAPDH: forward:
5 -GAGACAGCCGCATCTTCTTG-3,
reverse: 5 -TGACTGTGCCGTTGAACTTG-3.
Each sample was tested 3 times.

Western blotting analysis

Protein was extracted from lung tissues with RIPA buffer. We 
added 50 μg of protein into SDS-PAGE. Protein was transferred 
to the polyvinylidene fluoride membrane and then blocked 
with 5% pure albumin. The membrane was incubated with 
TLR4 and NF-kB p65 primary antibody (Abcam, USA) overnight 
at 4°C. Anti-GAPDH antibody (Cell Signaling Technology, USA) 
was used as the loading control.

Statistical analysis

All descriptive data are expressed as mean ±SD. Statistical 
data were analyzed by one-way ANOVA followed by Bonferroni 
correction for multiplicity. All analyses were conducted using 
SPSS 20.0 (Chicago, USA). P<0.05 was regarded as a signifi-
cant difference.

Results

Effects of EPO on pulmonary damage

As shown in Figure 1, the W/D ratio was significantly higher 
in the vehicle group than in the control group (P<0.05). BALF 
leukocyte count and neutrophil ratio were also increased in 
the vehicle group, and PPI in the vehicle group was remark-
ably elevated compared with the control group. Compared to 
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Figure 1.  (A–E) The effects of EPO on lung tissue W/D, BALF leukocyte count, BALF neutrophil ratio, PPI, and oxygenation index. 
Comparison of lung tissue W/D, BALF leukocyte count, BALF neutrophil ratio, PPI, and oxygenation index among all groups. 
Lung tissue, BALF, and arterial blood were collected immediately after the IR procedure was completed. Data are expressed 
as means ±SD and were analyzed by ANOVA followed by Bonferroni correction for multiplicity where appropriate. n=8 for 
each group. # P<0.05 compared with control group; * P<0.05 compared with vehicle group.
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the vehicle group, those changes in the EPO group were re-
markably decreased (P<0.05, respectively). The oxygenation 
index was much higher in the control group than in the ve-
hicle group (P<0.05). Interestingly, the oxygenation index in 
the EPO group was better than in the vehicle group (P<0.05).

Effects of EPO on lung pathology

To study the effects of EPO on LIRI, we analyzed pathological 
changes (Figure 2). In the control group (Figure 2A), the pul-
monary alveoli and interstitium was intact and no signs of 
pulmonary edema and structural damages were observed. In 
the vehicle group (Figure 2B), significant pulmonary edema 
and structural damages were identified. Excessive inflamma-
tory cells were infiltrated into the lung tissue and increased 
the thickness of the interstitium. These pathological chang-
es in the EPO group (Figure 2C) were improved. Pathological 
scores in the vehicle group were remarkably higher than in 

the control group (P<0.05), but were significantly (P<0.05) re-
duced in the EPO group (Figure 2D).

The Effects of EPO on Levels of TNF-a, IL-6, and IL-1b

As shown in Figure 3, serum TNF-a, t IL-6, and IL-1b levels in 
the vehicle group were remarkably elevated compared with 
those in the control group (P<0.05), while a remarkable de-
crease was found with EPO treatment (P<0.05).

The Effects of EPO on Expressions of TLR4 and NF-kB

Figures 4 and 5 show mRNA and protein expressions of TLR4 
and NF-kB. Compared to the control group, mRNA and pro-
tein expressions of TLR4 and NF-kB in the vehicle group were 
significantly increased (P<0.05), and those in the EPO group 
were significantly decreased compared with the vehicle-treat-
ed LIRI group (P<0.05).
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Figure 2.  (A–D) Pathologic changes and scores of lung tissues were examined by H&E staining. H&E staining of lung tissue sections 
from different groups (scale bars: 100 μm, magnification ×100). Data are expressed as means ±SD and were analyzed by 
ANOVA followed by Bonferroni correction for multiplicity where appropriate. n=8 for each group. # P<0.05 compared with 
control group; * P<0.05 compared with vehicle group.
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Discussion

The present study is the first to demonstrate that EPO can at-
tenuate the expressions of TLR4 and NF-kB in lung tissues in 
an LIRI rat model. Additionally, we found that EPO inhibited the 
releasing of serum TNF-a, IL-1b, and IL-6 in the LIRI rat mod-
el. These results show that EPO exerts its protective effects 
on LIRI through inhibiting the TLR4/NF-kB signaling pathway.

The TLRs family is essential in innate immunity and many in-
flammatory responses [22]. In all TLRs, TLR4 has been exten-
sively studied and is considered to play important roles in me-
diating inflammatory responses. Activation of TLR4-mediated 
inflammatory signaling pathways resulted in the transloca-
tion of NF-kB, subsequently leading to production of many 
pro-inflammatory mediators and induction of inflammato-
ry reactions [23]. It is reported that immune and inflamma-
tory responses play essential roles in LIRI [24]. Accumulating 
evidence also shows that the TLR4-NF-kB signaling pathway 

induces inflammatory reactions and consequently intensifies 
LIRI [25]. Moreover, recent reports show that TLR-4 is critical 
in the development of LIRI, and its activation in the alveolar 
macrophage may be the first step [13]. In the present study, 
we found that the expressions of TLR4, NF-kB, and inflamma-
tory mediators were elevated at the end of the experiment, 
demonstrating that TLR4 initiated the releasing of pro-inflam-
matory cytokines by activating the NF-kB signaling pathway 
in LIRI. Thus, targeting the modulation of TLR4 and NF-kB ex-
pression might be a promising therapeutic strategy for inhib-
iting inflammatory cascades in LIRI.

The pharmacological roles of EPO have been largely extended 
from a traditionally hematopoietic hormone to a multi-func-
tion cytokine. The beneficial effects of EPO on IR-caused inju-
ries in the heart [26], kidney [27], and brain [27,28] have been 
revealed. However, only a few of reports showed that pretreat-
ment with EPO attenuates LIRI [19,29]. In this study, we inves-
tigated the damaged lung structure in a rat IRI model, showing 
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Figure 3.  The effects of EPO on serum TNF-a, IL-6, and IL-1b. Comparison of serum TNF-a, IL-6, and IL-1b levels among all groups. 
Data are expressed as means ±SD and were analyzed by ANOVA followed by Bonferroni correction for multiplicity where 
appropriate. n=8 for each group. # P<0.05 compared with control group; * P<0.05 compared with vehicle group.
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Figure 4.  (A, B) The effects of EPO on gene expression of TLR4 and NF-kB. Comparison of mRNA levels of TLR4 and NF-kB in lung 
tissue among all groups. Data are expressed as means ±SD and were analyzed by ANOVA followed by Bonferroni correction 
for multiplicity where appropriate. n=8 for each group. # P<0.05 compared with control group; * P<0.05 compared with 
vehicle group.
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the damaged alveoli wall, dilated capillaries, and infiltrated in-
flammatory cells in the interstitium by HE staining. Treatment 
with EPO resulted in less structural damage and infiltration of 
neutrophils, lower PPI, and increased oxygenation index, indi-
cating the protective effect of EPO in LIRI.

It was reported that EPO regulates TLR4-mediated inflam-
matory responses and NF-kB and PI3K signaling pathways 
to protect against hypoxic injury [30,31]. Through activating 
these critical signaling components, EPO can modulate many 
downstream inflammatory cytokines, such as TNF-a, IL-1b, 
and IL-6 [31], regulating oxidative stress, apoptosis, inflam-
matory damage, and regeneration. Our results demonstrate 
that the structural and functional presentations of lung inju-
ry were relieved and the mRNA and protein levels of TLR4 and 
NF-kB were significantly decreased by treatment with EPO. In 

Figure 5.  (A, B) The effects of EPO on protein expression of TLR4 and NF-kB. Comparison of protein levels of TLR4 and NF-kB in lung 
tissue by Western blotting among all groups. Data are expressed as means ±SD and were analyzed by ANOVA followed by 
Bonferroni correction for multiplicity where appropriate. n=8 for each group. # P<0.05 compared with control group; * P<0.05 
compared with vehicle group.
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addition, after the administration of EPO, the levels of TNF-a, 
IL-1b, and IL-6 in serum were significantly reduced, revealing 
that EPO inhibited inflammatory damage through down-reg-
ulating the TLR4/NF-kB signaling pathway, thereby protecting 
against the effects of LIRI.

Conclusions

In summary, our results indicate that EPO exerts protective 
effects on lung injuries after LIRI through inhibiting the TLR4-
NF-kB signaling pathway and decreasing production of inflam-
matory cytokines (TNF-a, IL-6, and IL-1b). The present study 
provides solid support for the use of EPO as a therapeutic 
agent in treating LIRI.
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