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A B S T R A C T   

Erythropoietin (EPO) is a hypoxia-induced hormone produced in adult kidneys with erythropoietic and non- 
erythropoietic effects. In vivo studies represent an important role to comprehend the efficacy and safety in 
the early phase of repurposing drugs. The aim is to evaluate the potential anti-inflammatory effect of EPO 
observed in animal models of disease. Following PRISMA statements, electronic database Medline via PubMed 
platform was used to search articles with the research expression ((erythropoietin [MeSH Terms]) AND 
(inflammation [MeSH Terms]) AND (disease models, animal [MeSH Terms])). The inclusion criteria were 
original articles, studies where EPO was administered, studies where inflammation was studied and/or evalu-
ated, non-clinical studies in vivo with rodents, and articles published in English. Thirty-six articles met the 
criteria for qualitative analysis. Exogenous EPO was used in models of sepsis, traumatic brain injury, and 
autoimmune neuritis, with an average of 3000 IU/Kg for single and multiple doses, using mice and rats. Bio-
markers such as immune-related effectors, cytokines, reactive oxygen species, prostaglandins, and other bio-
markers were assessed. EPO has been recognized as a multifunctional cytokine with anti-inflammatory 
properties, showing its significant effect both in acute and chronic models of inflammation. Further non-clinical 
studies are suggested for the enlightenment of anti-inflammatory mechanisms of EPO in lower doses, allowing us 
to understand the translational data for humans.   

1. Introduction 

Erythropoietin (EPO) is an endogenous glycoprotein hormone that 
regulates the production, survival, and differentiation of red blood cells 
[1–4]. This molecule with 30,4 kDa is mainly produced by the fetal liver 
and adult kidney by hypoxia stimulus [1,2,5,6]. As a hypoxia-induced 
hormone, engages the expression of hypoxia-inducible factor (HIF) 
which regulates transcription of the EPO gene in kidneys [2,6–8]. The 
EPO mechanism of action is triggered when EPO receptor (EPOR) is 
activated by EPO through the cleavage of GATA-binding factor 1, 
inducing activation of Janus kinase(JAK)− 2 [3,6,9–13]. EPO is 
commonly used for the treatment of anemia associated with chronic 
kidney disease in humans, but also reveals non-erythropoietic protective 

functions such as the inhibition of apoptosis, autophagy, induction of 
angiogenesis, anti-inflammatory effect, neuroprotection, and tissue 
regeneration [2,3,6,9]. Despite this, EPO presents high side effects due 
to erythropoiesis stimulation and leads to the risk of severe cardiovas-
cular events [3,5]. In this sense, it is important to modify the EPO 
molecule, maintaining similar pharmacokinetics characteristics to EPO, 
although doesn’t binding to the conventional homodimeric EPOR, 
lacking erythropoietic side effects. Thus it is possible to maintain effi-
cacy and improve the safety of EPO. 

Inflammatory diseases are globally identified as one of the major 
causes of morbidity and mortality across the population [14,15]. 
Inflammation is the basis of many diseases, leading to a life-long 
debilitating illness, with high costs for therapy [16]. Current therapies 
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are limited to steroidal, non-steroidal, and biological anti-inflammatory 
agents to suppress inflammation [17]. Chronic use of these therapies for 
inflammatory diseases leads to some serious adverse effects like 
gastrointestinal, renal, respiratory, cardiovascular damages, and 
reduction in host defense against infections [14,17]. Thus, it’s crucial to 
find new pharmacological approaches with selective action that could 
revert the mechanisms of inflammation with lesser toxicity [14,18,19]. 

Our research group has developed previous non-clinical studies in an 
acute model of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced coli-
tis, testing EPO with beneficial effects in the progression and treatment 
of Inflammatory Bowel Disease (IBD) [20]. From this point of view, the 
present review intended to focus on one non-erythropoietic effect of 
erythropoietin such as its role in the inflammatory response [14]. Hence, 
this systematic review aims to describe the potential anti-inflammatory 
effect of erythropoietin in non-clinical studies in vivo with rodents. 

As expected, EPO has been recognized as a multifunctional cytokine 
with anti-inflammatory properties therefore, this molecule can be an 
interesting candidate to treat inflammatory-based diseases, improving 
patient’s quality of life. 

2. Material and methods 

2.1. Search strategy 

Following the PRISMA statements, the electronic database Medline 
via PubMed platform was used for searches carried out in April 2020 to 
identify articles of interest. A research strategy was developed, and 
combinations of keywords (“erythropoietin”, “inflammation” and “dis-
ease models, animal”) were performed through MeSH terms obtained at 
MeSH Database, leading to the following search string used: ((erythro-
poietin [MeSH Terms]) AND (inflammation [MeSH Terms]) AND (dis-
ease models, animal [MeSH Terms])). 

2.2. Selection of studies 

The included articles from the search string were selected according 
to the following inclusion criteria: only original articles, studies with 
animal models where EPO was administered, studies where inflamma-
tion was studied and/or evaluated, non-clinical studies in vivo with 
rodents, and articles published in English. The exclusion criteria were 
review articles, expert opinions, book chapters, studies with only in vitro 
procedures, and studies where EPO is used for the treatment of diseases 
included in the summary of product characteristics (SPC). 

2.3. Eligibility of articles 

The results obtained were identified by two independent reviewers, 
on the same day at the same time. Once the inclusion and exclusion 
criteria have been established and the search string applied, the full text 
of the articles has been read to determine their eligibility for inclusion or 
exclusion. Disagreements between reviewers were resolved by mutual 
consensus. 

2.4. Data extraction 

The table of results is organized based on erythropoietin-related 
parameters (EPO type, dose, frequency and duration, route of adminis-
tration, and disease animal model); animal-related parameters (animal, 
strain, gender, and age), and ultimately, biomarkers assessed. Thereby, 
information was extracted and evaluated. 

3. Results and discussion 

Through the search expression, in the electronic database, a total of 
62 articles were obtained. These articles were screened according to the 
inclusion and exclusion criteria. Thereafter, 26 articles were excluded, 

and no duplicates were identified. The reasons for exclusion were: 
studies with no EPO administration (n = 10), studies where EPO is 
already used for the treatment of diseases included in the SPC (n = 8), no 
evaluation of the inflammatory process or response (n = 2), review ar-
ticles (n = 2), in vitro article only (n = 1), opinion article (n = 1), book 
chapter (n = 1), and full text not available (n = 1). Thus, 36 original 
articles were included in the qualitative analysis of this systematic re-
view. The results of the literature obtained through search expression 
are observed in Fig. 1. 

The following table was designed to extract relevant information, 
namely administrations of erythropoietin in animal models of rodents 
and its effects on the inflammatory response through biomarkers used. 
This will allow understanding which type of EPO was used, the dose, 
frequency and duration, and which routes of administration were used. 
The different animal models of disease will help to understand the type 
of rodent used, its strain, gender, and age. Finally, biomarkers were 
evaluated to conclude if the EPO has anti-inflammatory activity. 

Thus, the results obtained through the analysis of the articles are 
shown in Table 1. 

3.1. Erythropoietin-related parameters 

3.1.1. EPO type 
Although all EPO used is exogenous recombinant erythropoietin, 

some articles discriminate their type. Most articles use only the term 
rHuEPO (n = 22), others mention epoetin-α (n = 8), epoetin-β (n = 3). 
Yet, ARA 290 (n = 2), carbamylated erythropoietin (cEPO) (n = 2) and 
darbepoetin-α (n = 1) are mentioned. Since most articles do not specify 
the type of EPO used, it becomes difficult to assume which is the most 
used and why. By definition, considering that all types of EPO used are 
exogenous only the term EPO, adopted by many researchers, will be 
used throughout this review. 

All recombinant human erythropoietin (rHuEPO) has demonstrated 
anti-inflammatory properties with a reduction of the assessed inflam-
matory biomarkers, such as tumor necrosis factor (TNF)-α, interleukin 
(IL)− 1β, and IL-6 [21,22,54,55]. 

rHuEPO agents as epoetin-α, epoetin-β, epoetin-ɤ, epoetin-ω, epoe-
tin-δ, and darbepoetin-α exhibit the same polypeptide chain of 165 
amino acids, identical to endogenous EPO, but differs in carbohydrate 
structure. The greek letters indicate differences in the glycosylation 
pattern but with the same amino acid sequence and therefore, different 
serum half-life [56]. Glycosylation is important for the biologic activity 
of EPO analogs and an alteration in the glycan chains promotes different 
in vivo and in vitro activity [57]. In the endogenous EPO, most sialic 
acid residues are attached to the three N-linked glycosylation chains 
with a diversity of functions such as the protection of EPO molecule from 
proteases and the modulation of its receptor binding affinity [57]. 

Epoetin-α, epoetin-β, and darbepoetin-α may have been used since 
they were already commercialized and two of them have a longer half- 
life than endogenous EPO (5 h). Since the half-life of epoetin-β (8,8 h) is 
longer than epoetin-α (4,5 h), lower doses may be needed to maintain 
hemoglobin and hematocrit in the target level [58]. Darbepoetin-α 
confers a clinical advantage over epoetin’s due to its increased half-life 
(25,3 h) by allowing less frequent dosing while safely. However, it is 
more expensive than epoetin’s [59]. Darbepoetin-α is a hyper-
glycosylated molecule that stimulates erythropoiesis by the same 
mechanism as the endogenous EPO [10]. Although all EPO-derivates are 
highly similar to endogenous EPO, an increase in the number of glyco-
sylation sites in the carbohydrate structure enhances rHuEPO activity 
[59]. This rHuEPO agent has a longer elimination half-life, since pre-
sents two additional N-glycans chains than other epoetin’s [59]. 

Additionally, the use of the cEPO or ARA 290 can be an advantage, 
since they preserve the EPO efficacy combined with a better safety 
profile (Fig. 2). cEPO is a non-erythropoietic erythropoietin, because it is 
a carbamoyl derivative of the EPO modification [60,61]. The cEPO re-
sults from the carbamylation of EPO lysine residues, in which a 
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carbamyl group is irreversibly coupled to each of the residues [61]. This 
functional change is achieved through the N-terminal alanine in the EPO 
polypeptide chain with eight lysine residues, providing nine amino 
groups for carbamylation [62]. cEPO presents similar pharmacokinetics 
characteristics to EPO although, binds to heterodimeric EPO common-β 
receptor complex (CD131), lacking erythropoietic side effects [12,60, 
61,63–65]. ARA 290 is a pyroglutamate molecule with a molecular 
weight of 1257 kDa. This molecule was modeled from the 
three-dimensional structure of helix B of the EPO molecule [11,66,67]. 
ARA 290 is responsible to exert the selective tissue-protective and this 
way does not show any hematopoietic activity, since selectively binds 
the heteromeric EPO-CD131 complex, eliminating its side effects [11, 
66–69]. 

3.1.2. Dose 
In these studies, the most commonly used EPO doses were 1000 

(n = 9), 3000 (n = 6), and 5000 (n = 15) IU/Kg (Fig. 3). Considering all 
the doses used, the average of single and multiple doses was 3000 IU/Kg 
and the mode was 5000 IU/Kg. 

Through prior studies conducted by Jin et al. [72] and Cerri et al. 
[70], it was possible to define that the use of doses of 3000 and 5000 
IU/Kg has achieved a reduction of inflammation and therefore, may be 
the reason why many researchers have applied these doses [70–73]. In a 
rat model of sepsis, Souza et al. [74] reported that pre or post-treatment 
with EPO (4000 IU/kg) exhibited anti-inflammatory effects such as the 
inhibition of factor nuclear kappa B (NF-κB) pathway activation, 
reduction of proinflammatory cytokines, and also improved survival. 
This is in accordance with the results obtained [74]. When a lower EPO 
dose is used, the observed findings are more controversial. Mori et al. 
[75] demonstrated that in a model of intestinal ischemia-reperfusion a 
single SC dose of 1000 IU/Kg of EPO provided a reduction in inflam-
matory cytokines [48,75]. However, in a model of endotoxic stroke with 
four doses, Aoshiba et al. [27] also used 1000 IU/Kg of EPO and there 
was only observed a reduction in the mortality rate, although without 
apparently alterations in the inflammatory response [27]. 

In humans, the EPO maximum recommended dose is 1050 IU/kg/ 
week (80.000 UI for an adult with normal weight). Since the mice or rat 

weights are between 25 and 40 g and 300–500 g, respectively, the 
administration of EPO doses around 30 UI/week or 400 UI/week would 
be recommended based on humans guidelines. Despite the EPO dose of 
5000 IU/Kg is the option most used in the non-clinical studies in vivo to 
evaluate its anti-inflammatory effect in a context of proof of content, the 
studies using a lower EPO dose with significant anti-inflammatory out-
comes are crucial in order to allow correlating the translational data to 
humans. 

3.1.3. Frequency and duration of administrations 
Most studies used a single dose of EPO (n = 15). Other studies pro-

mote treatment with twice administrations of EPO (n = 6). In the studies 
where EPO daily doses are used (n = 11), the duration of treatment 
varied from 3 days to 3 months. The frequency and duration of EPO 
administrations are related to acute and/or chronic treatment where-
upon one study considered an acute treatment when a single adminis-
tration is made and chronic treatment with a daily administration for 
more than 4 days [22]. 

All studies, both acute and chronic, where EPO was used demon-
strated benefic results with anti-inflammatory effects [76]. During 
chronic treatment, EPO also prevented mortality rate [22]. The fre-
quency and duration of EPO administration influence its efficacy, but 
also its safety. This factor is so important that some studies designed the 
EPO treatment once every 2 weeks trying to avoid erythropoietic effects 
[54,77]. The risk of adverse effects with the EPO treatment, dependently 
on increased hematocrit, is higher from day 8 [78]. Parsa et al. [77] even 
found that side effects take place after a minimum of 4 days of EPO 
treatment [54,77]. In our acute model of TNBS-induced colitis, hemat-
ocrit was not affected by EPO administration [20]. Similar values of 
hematocrit were detected between EPO treated mice and non-colitic 
mice [35,79]. 

Several studies showed that the use of endogenous EPO leads to the 
risk of severe cardiovascular events increasing the incidence of throm-
boembolism, hypertension, and tumor progression [5,56,80]. The 
innovative approach with cEPO treatment, instead of the rHuEPO, may 
minimize the risk of these potential adverse side effects [62]. After the 
carbamylation process, cEPO preserves the three-dimensional structure 

Fig. 1. PRISMA flow diagram with the results of the literature.  
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Table 1 
Outcomes of potential anti-inflammatory effect of erythropoietin in non-clinical studies in vivo.  

Erythropoietin-Related Parameters Animal-Related Parameters Biomarkers 
Assessed 

Reference 
EPO type Dose 

(IU/Kg) 
Frequency 
/ Duration 

Route of 
Administration 

Disease Animal Model Animal Strain Gender Age 
(weeks) 

rHuEPO 
rHuEPO 

5 Daily, 7days IC Sepsis Rats Sprague 
Dawley 

Male – JAK2/STAT3 [21] 

300, 
1200 

Single dose; 
daily, 4days 

SC Sepsis Rats Wistar Male 12–16 CAT, SOD [22] 

1000 Single dose IP Myocardial injury Mice / 
Rats 

Kunming, 
Sprague 
Dawley 

Male 6–8 TNF-α, IL-6, IL- 
1β, IL-10, NF- 

κB, CRP 

[23] 

Single dose IV Uterus inflammation Rats Albino 
Wistar 

Female – Neutrophils [24] 

3 doses SC Acute esophageal burn Rats Sprague 
Dawley 

Female – NO, CAT, SOD [25] 

Single dose SC Sepsis Mice Swiss 
Albino 

Male 12–16 NO, iNOS, 
eNOS 

[26] 

4 doses SC Endotoxic stroke Mice BALB/c Male 7 TNF-α, IL-6, IL- 
1β, iNOS 

[27] 

2500 Twice, 3 
days 

– Traumatic brain Injury Rats Sprague 
Dawley 

Male 12 TNF-α, IL-1β, 
IFN-ɤ, IL-4, IL- 
5, IL-6, IL-10, 

IL-13 

[28] 

Single dose IP Ischemic brain injury Mice C57BL/6 – 12–72 Microglia cells [29] 
Erythropoietin-Related Parameters Animal-Related Parameters Biomarkers 

Assessed 
Reference 

Disease 
Model 

Frequency 
/ Duration 

Route of 
Administration 

Disease Animal Model Animal Strain Gender Age 
(weeks) 

3000 Single dose SC Obstructive jaundice Rats Albino 
Wistar 

– – TNF-α, IL-6, IL- 
1β, CRP 

[30] 

3750 Twice IP Sepsis Rats Sprague 
Dawley 

Male 6–8 T cells [31] 

3000, 
4000, 
5000 

3 – 7 doses IP Spinal cord 
compressive injury 

Rats Sprague 
Dawley 

Male 12–16 Macrophages [32] 

5000 Single dose IP Endotoxic stoke Rats Wistar Male 3 TNF-α, IL-1β, IL- 
6 

[33] 

Daily, 3 
days 

IP Traumatic brain injury Mice C57BL/6 Male 12–16 T cells, 
neutrophils, 

microglia cells, 
IL-10, IL-1β, 
TNF-α, TGF-β 

[34] 

Twice – Traumatic brain injury Mice Sabra Male 8–12 Microglia cells [35] 
Twice – Brain injury Mice BALB/c – < 1 IL-6, IL-1β, NF- 

κB, iNOS, HIF- 
1α 

[36] 

Twice IP Intracerebral 
hemorrhage model 

Rats Wistar – 1 TNF-α, IL-6, IL- 
1β 

[37] 

Single dose IV Ischemia—reperfusion 
injury 

Rats Lewis Male – NO, eNOS, IL-6 [38] 

Daily, 14 
days 

IP Autoimmune neuritis Rats Lewis Male 8–10 T cells, 
macrophages, 

HIF-1α 

[39]  

Erythropoietin-Related Parameters Animal-Related Parameters Biomarkers 
Assessed 

Reference 
Dose 

(IU/Kg) 
Frequency 
/ Duration 

Route Disease Model Animal Strain Gender Age 
(weeks) 

rHuEPO 5000 Single dose; 
3xday, 3 

days 

SC Peripheral 
inflammatory pain 

Rats – – < 1 TNF-α, IL-6, IL- 
1β 

[40] 

100, 
250, 500 

1xweek, 60 
days 

IP Amyotrophic lateral 
sclerosis 

Mice Transgenic – 8 COX-2, PGE2, 
microglia cells 

[41] 

Epoetin-α 500, 
1000 

4 days IP Acute colitis Mice CD-1 Male 6–10 Colon lenght, 
MPO, TNF-α, IL- 

1β, IL-10 

[20] 

1000, 
5000 

Daily, 3 
days 

IV Autoimmune 
encephalomyelitis 

Mice C57BL/6 Female 8–10 Macrophages, T 
cells, TNF-α, 

IFN-ɤ, IL-1β, IL- 
2, IL-4, IL-5, IL- 

10, IL-17 

[42] 

3000 Twice SC Acute kidney and acute 
lung injury 

Mice Balb/c Male 6–8 VEGF [43] 

Daily, 6 
days 

IP Lung injury Rats Sprague 
Dawley 

– < 1 TNF-α, MPO [44] 

Twice IP Testicular torsion Rats Sprague 
Dawley 

Male 12–16 TNF-α, IL-6, IL- 
1β, NO 

[45] 

5000 Single dose IP Autoimmune neuritis Rats Lewis Female 8 Macrophages, T 
cells, IL-10, IFN- 

ɤ TGF-β 

[46] 

(continued on next page) 
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of endogenous EPO. However, cEPO effects become mediated by bind-
ing to a heterodimeric EPO common-β receptor (CD131) (also shared by 
GM-CSF, IL-3, and IL-5), while endogenous EPO effects are mediated by 
binding to a homodimeric EPOR [82] (Fig. 4). The heteroreceptor 
activation, composed of EPOR and CD131, promotes a protective 
response through an anti-inflammatory effect, similar to those produced 
by endogenous EPO [60]. This functional change in its mechanism of 

action promotes the inhibition of erythropoiesis, maintaining the 
anti-inflammatory effect. Thus, cEPO gained focus in recent years, since 
it provides protective properties and anti-inflammatory effect in many 
diseases, with no hematopoietic or vasoconstrictive activity associated 
[62,81]. 

Table 1 (continued ) 

Daily, 7 
days 

IP Malaria Mice C57BL/6 Female 5 HIF-1α [47]  

Erythropoietin-Related Parameters Animal-Related Parameters Biomarkers 
Assessed 

Reference 
Dose 

(IU/Kg) 
Frequency 
/ Duration 

Route Disease Model Animal Strain Gender Age 
(weeks) 

Epoetin-β 2000 Single dose IP Sepsis Rats Sprague 
Dawley 

Male 8 TNF-α, IL-1β [48] 

3000 Single dose IP Endotoxemia Rats Sprague 
Dawley 

Male – TNF-α, IL-6, IL- 
1β, CRP, 

neutrophils 

[49] 

5000 Daily, 3 
days 

IP Malaria Mice CBA/J Female 6–8 TNF-α, IFN-ɤ, 
NO 

[50] 

Darbepoeti-α 1000 Single dose IP Cholestatic fibrosis Mice C57BL/6 J Male 8–10 Macrophages, 
TGF-β, HIF-1α 

[51] 

ARA 290 – Daily, 14 
days 

IP Autoimmune neuritis Rats Lewis Male 8–10 Macrophages, T 
cells, TNF-α, IL- 
10, TGF-β, iNOS 

[52] 

– Daily, 3 
months 

IP Systemic lupus 
erythematosus 

Mice C57BL/6, 
MRL/lpr 

– 10–12 Macrophages, 
TNF-α, IL-6, IL- 
10, TGF-β, IFN- 

ɤ 

[53] 

rHuEPOþcEPO 1000 Single dose IV Brain death Rats Fisher 
F344 

Male 12–16 IL-1β, IL-6, 
VCAM-1 

[54] 

Erythropoietin-Related Parameters Animal-Related Parameters Biomarkers 
Assessed 

Reference 
rHuEPOþcEPO Dose 

(IU/Kg) 
Frequency 
/ Duration 

Route Disease Model Animal Strain Gender Age 
(weeks) 

5000 Single dose IP Periventricular 
leukomalacia 

Mice C57BL/6 – – Microglia cells [55] 

Legend: CAT - catalase; cEPO – carbamylated erythropoietin; COX-2 – cyclooxygenase 2; CRP – c-reactive protein; eNOS – endothelial nitric oxide synthase; HIF-1α - 
hypoxia -inducible factor 1-alpha; IC – Intracardiac; IFN-ɤ - interferon gamma; IL – interleukin; iNOS - inducible nitric oxide synthase; IP – intraperitoneal; IV - 
intravenous; JAK2/STAT3 – Janus Kinase-2, Signal transducer and activator of transcription-3; MPO – myeloperoxidase; NF-κB – factor nuclear kappa B; NO – nitric 
oxide; PGE2 – prostaglandin E2; rHuEPO - recombinant human erythropoietin; SC – subcutaneous; SOD – superoxide dismutase; TGF-β - transforming growth factor 
beta; TNF-α - tumor necrosis factor alpha; VCAM-1 - vascular cell adhesion molecule 1; VEGF – vascular endothelial growth factor. 

Fig. 2. Mechanism of action of EPO, cEPO and ARA290 .  
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3.1.4. Route of administration 
The route chosen for drug administration depends upon the species, 

volume, and material to be injected. In these studies, three major routes 
of EPO administration were used in the analyzed articles, namely the 
intraperitoneal (n = 19), the subcutaneous (n = 7), and the intravenous 
(n = 4). 

The intraperitoneal route for EPO administration may be preferred. 
Intraperitoneal administration repeated daily, for up to one month, is 
well-tolerated in rodents, allows easy handling, and is used for small 
species. In addition, intraperitoneal administration results in faster ab-
sorption than subcutaneous administration and can be used to admin-
ister large volumes of fluid safely [79]. Intraperitoneal and 
subcutaneous administrations can also be given early, which can be an 
advantage in studies that use newborns [79]. The intravenous route is 
mainly intended for rats. However, one study used this route of 
administration in mice [42]. Intravenous administration can be started 
at postnatal day 3 for rodents, which can be observed in the analyzed 
articles. Although, intravenous administration is the most efficient way 
to delivering substances, since skips the absorption phase, this route 
requires considerable practice given that vessels are quite small in 
diameter [83]. Only one of the selected studies administrated EPO 
locally through the left lateral ventricle. However, the authors state that 
local administration may not have the full benefit for animal survival 
compared to a systemic administration [21]. 

3.1.5. Disease animal model 
Through the selected studies analysis, it was possible to verify that 

the most commonly used disease models were sepsis (n = 5), traumatic 
brain injury (n = 4), and autoimmune neuritis (n = 3), however, it has 
already been tested with significant anti-inflammatory results in several 
animal models including different metabolic systems, such as 

cardiovascular system (e.g. myocardial injury, endotoxic stroke, 
ischemia-reperfusion injury), nervous system (spinal cord compressive 
injury, intracerebral hemorrhage injury, autoimmune neuritis and 
encephalomyelitis, amyotrophic lateral sclerosis, peripheral inflamma-
tory pain), reproductive system (uterus inflammation, testicular tor-
sion), and gastrointestinal system (acute esophageal burn, acute colitis). 

Sepsis is described as complex pathophysiology with systemic 
biochemical alterations [21,31,48]. Among them, a systemic inflam-
matory response is mediated by the host’s immune system with a high 
probability of aggravating organ dysfunction and eventually, leading to 
death [21,31,48]. This systemic inflammatory response can be triggered 
by a variety of non-infectious conditions such as trauma, burns, and 
hemorrhagic [84]. Rapid production of cytokines, chemokines, prosta-
glandins, and nitric oxide are produced during sepsis [22,48]. Aoshiba 
et al. (2009) and Brines and Cerami [85] have already been used EPO in 
sepsis-induced models obtaining significant anti-inflammatory and 
antioxidant properties [26,27,48,85]. Furthermore, there is increasing 
evidence with animal studies that EPO is beneficial in sepsis since EPO 
attenuates the inducible nitric oxide synthase mRNA expression and the 
nitric oxide overproduction [26]. EPO also increases the survival rate in 
mice and improves endothelial function [26]. The use of the 
sepsis-induced model can be based on the emergency of finding alter-
native drugs for sepsis treatment since it is considered one of the most 
frequent causes of morbidity and mortality in intensive care units and a 
major public health concern. 

The anti-inflammatory effects of EPO have also been studied in 
several central nervous system diseases [57–59]. In the traumatic brain 
injury model, activation of the innate inflammatory response is trig-
gered, resulting in an excessive generation of reactive oxygen species, 
neuronal death, and membrane disruption [28,35,36]. After the brain 
injury, there is an increase in both pro-inflammatory and 

Fig. 3. Scheme of EPO doses used to depend on the purpose of the study.  

Fig. 4. Mechanism of action of the cEPO after carbamylation process.  
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anti-inflammatory cytokines, including infiltration of immune cells [28, 
34]. Yatsiv et al. (2005) and Okutan et al. (2008) proved its 
anti-inflammatory properties since EPO reduced the infiltration and 
activation of immune/inflammatory cells, like neutrophils and micro-
glial cells [34–36,86]. The reason for using this model may be due to the 
fast-increased concentration of inflammatory cytokines, after the in-
duction of the brain injury in rodents. 

Experimental autoimmune neuritis is an autoantigen-specific model 
mediated by reactive T cells that mimic demyelinating inflammatory 
disease of the peripheral nervous system in humans [39]. Experimental 
autoimmune neuritis is characterized by breakdown of the blood-nerve 
barrier, accumulation of reactive T cells, macrophages, and demyelin-
ation [39]. EPO could ameliorate this autoimmune neuritis attenuating 
inflammation and enhancing Schwann cell as reported by Ahn et al. and 
Zhang et al. [39,87,88]. Experimental autoimmune neuritis is the prime 
animal model for inflammatory demyelinating polyneuropathies and 
mimics many clinical and immunological features of the human acute 
inflammatory demyelinating which offers the possibility to study pre-
clinical effects of novel therapies [46,52]. 

3.2. Animals-related parameters 

3.2.1. Animal 
In rodents, mice and rats are the most used animals, but clearly, rats 

(n = 21) were used more often than mice (n = 16). The use of mice and 
rats is supported by the fact that they have many similarities with 
humans, namely gene homology (95%), anatomy, physiology, similar 
pathological response, and immune function [89–91]. Yet, as mentioned 
in the bibliography, mice and rats are cost-effective, which allows the 
use of adequate numbers for statistical relevance [90]. Animals are often 
preferred for study human diseases [83,90–94] and rodents present the 
advantage of the ease of maintenance, small size, easy handling, short 
life cycle, gestation time (19–21 days), and ease of breeding within the 
laboratory [83,90–94]. 

The higher use of rats may be related to the type of procedures used 
and the size of the animal, which can be explained by the advantage in 
the ability to acquire large samples for analysis and facility for surgical 
procedure. Though, the type of rodent does not influence the results. 
Studies have been done on both animals and demonstrated anti- 
inflammatory effects. 

3.2.2. Strain 
The mice used were C57BL/6 (n = 7), BALB/c (n = 3), CBA/J 

(n = 1), swiss albino (n = 1), sabra (n = 1), kunming (n = 1), CD-1 
(n = 1) and transgenic mice (n = 1). The rats used were sprague- 
dawley (n = 10), wistar (n = 5), lewis (n = 4) and fisher F344 (n = 1). 
As evidenced, the most used strains of mice were C57BL/6, and the more 
common strains used of rats were sprague-dawley. 

Each strain has advantages and disadvantages that often depend on 
the process to be studied and the choice of rodent model depends on the 
strains that closely reproduce the symptoms and disease process seen in 
humans. The reason for the use of the C57BL/6 mice strain may be 
explained by it is commonly used in many research areas since colonies 
are genetically identical within each strain. Furthermore, C57BL/6 is 
refractory to many tumors which can be an advantage [95,96]. The 
sprague-dawley strain is the most widely used rat species for biomedical 
research with docile nature [97]. Besides, that confers versatility, con-
sistency, and is ideal for surgical modifications [97]. 

3.2.3. Gender 
In these selected studies, more males (n = 21) than females (n = 6) 

were used for the animal disease models. Even though, some studies do 
not mention which gender was used (n = 9). The fact that the female 
gender has been less used can be justified by its production of a high 
number of hormones, during the estrous cycle, which can affect the 
experimental results [93]. Moreover, females need more time than 

males to recover after the anesthetic agent’s application [93]. However, 
the use of females in some studies is explained by their use on the uterus 
inflammation model, when newborns are needed or when hormonal 
factors do not interfere with experimental results [98,99]. On the other 
hand, the male gender is more likely to fight each other, probably 
related to the establishment of hierarchy and defense of territory. That 
can promote cutaneous lesions with inflammatory processes involved, 
which can bias the anti-inflammatory findings in these particular models 
and, additionally, can result in an increased mortality rate not conse-
quential from the model studied [83]. 

3.2.4. Age 
According to the results, the age of mice usually used was between 5 

and 16 weeks, corresponding to 35–112 days, and rats used were aged 
among 3–16 weeks, 21–112 days. Newborns mice were also used in one 
study with 10 days of age and three studies on rats aged between 3 and 7 
days. 

From day 15, mice start feeding themselves and the weaning takes 
place at 4 weeks of age [93]. For this reason, studies that do not need 
newborns should use mice from this age, which is in accordance with the 
results. Rats at day 16 start feeding themselves and the weaning occurs 
at 5 weeks of age [93]. Later compared to mice [93]. Comparing with 
the results, only one study used rats at 3 weeks while in the other studies 
rats were used from 6 weeks, as expected. One study revealed that 
age-related factors could interfere with the EPO response since the in-
flammatory effects were more pronounced in young mice (12 weeks) 
compared with aged mice (26 weeks) [100]. Age may have an impact on 
the inflammatory response since Lewis et al. [101] and Gomez et al. 
[100] revealed that aged mice appear to exhibit a more robust and 
expressive inflammatory response compared with the young mice 
[99–101]. In a study with adult rodents, [37] also prove that EPO 
partially decreases the inflammatory response in the aged rats compared 
with the young mice [37]. The age chosen should be according to the 
study but we believe that it is important to consider that aged mice may 
have decreased liver enzymes which can lead to toxicity. 

For articles where age was not specified, the body weight was 
considered since provides approximately the stage of development. 
Based on the results obtained, male mice can reach up to 40 g and fe-
males around 30–35 g. Male rats are used between 500 and 600 g of 
weight and females with around 300–400 g of weight. As rodents have 
rapid growth, it is important to be aware of the bodyweight prior to drug 
administration because of the calculated drug dose. 

3.3. Biomarkers assessed 

The measurement of biomarkers allows a precise quantification in 
order to evaluate the inflammatory reaction and verify if there is a 
decrease in this response, after EPO administration [79]. Through the 
analysis of the results, the main inflammatory biomarkers measured 
were TNF-α (n = 17), IL-1β (n = 15), IL-6 (n = 13), IL-10 (n = 8), 
macrophages (n = 7), lymphocytes (n = 6), TGF-β (n = 5), microglia 
cells (n = 5), nitric oxide (n = 5) and IFN-ɤ (n = 5) levels. 

Biomarkers indicate normal versus pathogenic conditions and assess 
responses for possible therapeutic interventions [102]. In the context of 
animal models of inflammation, the biomarkers commonly used are 
divide into classes such as immune-related effectors, cytokines and 
chemokines, reactive oxygen and nitrogen species, prostaglandins and 
cyclooxygenases, acute phase proteins and mediators as growth, and 
transcription factors [84,103,104]. These can also help to discover un-
known mechanisms or to understand the pathways or molecules 
involved in inflammation through processes activated during inflam-
matory response [105]. 

The anti-inflammatory properties of EPO such as inhibition of 
leukocyte infiltration and decreased production of proinflammatory 
cytokines have been observed in several in vivo studies [44,106]. EPO 
administration has demonstrated a decrease or inhibition of 
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pro-inflammatory cytokines, such as TNF-α, IL-1β, IFN-ɤ, and IL-6 and 
an increase of anti-inflammatory cytokines, such as IL-10 and TGF-β 
[48]. 

4. Conclusions 

In non-clinical studies in vivo, EPO has proved its anti-inflammatory 
effect through several animal models of inflammation, essentially by the 
monitoring of TNF-α and IL-1β biomarkers (primary inflammatory cy-
tokines). The choice is usually the epoetin-β due to its longer half-life, so 
needs fewer administrations. However, if it was a long-term treatment, 
ARA 290 and cEPO may be a good solution since they present non- 
erythropoietic effects. The most used EPO dose is between 3000 and 
5000 IU/kg since anti-inflammatory effects are verified with this 
average dose. The frequency and duration of treatment would be 
dependent on the type of study to be performed (acute or chronic) but a 
single dose would be preferable for acute models. In chronic models, the 
choice would be ARA 290 or cEPO. The intraperitoneal administration 
of EPO results in faster absorption and can be used to administer large 
volumes of fluid safely. EPO has been much tested in sepsis-induced 
models, which represent a multi-organ inflammation perfect to under-
stand the influence of EPO in each pathophysiological process. Male 
rodents have been used more often, with around 5 weeks (C57BL/6 
mice) or 6 weeks (Sprague-Dawley rats). 

EPO has been recognized as a multifunctional cytokine with anti- 
inflammatory properties and for this reason, this molecule is an inter-
esting candidate to treat inflammatory-based diseases, improving pa-
tient’s quality of life. Hence, as future perspectives the enlightenment of 
all mechanisms of EPO in inflammation such as the role of JAK2/ 
STAT3/5 and NF-κB pathways require further studies to allow the 
translation of this molecule to the clinical practice as an approved 
treatment for inflammation. 
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human erythropoietin administered in neonatal rats after excitotoxic damage 
induces molecular changes in the hippocampus, Front. Neurosci. 13 (2019) 1–13, 
https://doi.org/10.3389/fnins.2019.00118. 

[12] S. Chateauvieux, C. Grigorakaki, F. Morceau, M. Dicato, M. Diederich, 
Erythropoietin, erythropoiesis and beyond, Biochem. Pharmacol. 82 (2011) 
1291–1303, https://doi.org/10.1016/j.bcp.2011.06.045. 

[13] W. Jelkmann, Molecular biology of erythropoietin, Intern. Med. 43 (2004) 
649–659, https://doi.org/10.2169/internalmedicine.43.649. 

[14] K.R. Patil, U.B. Mahajan, B.S. Unger, S.N. Goyal, S. Belemkar, S.J. Surana, S. Ojha, 
C.R. Patil, Animal models of inflammation for screening of anti-inflammatory 
drugs: implications for the discovery and development of phytopharmaceuticals, 
Int. J. Mol. Sci. 20 (2019) 4367, https://doi.org/10.3390/ijms20184367. 

[15] A.F. Mendes, M.T. Cruz, O. Gualillo, The physiology of inflammation—the final 
common pathway to disease, Front. Physiol. 9 (2018) 1–3, https://doi.org/ 
10.3389/fphys.2018.01741. 

[16] R.H. Straub, C. Schradin, Chronic inflammatory systemic diseases – an 
evolutionary trade-off between acutely beneficial but chronically harmful 
programs, Evol. Med. Public Heal. 2016 (2016) 37–51, https://doi.org/10.1093/ 
emph/eow001. 

[17] C.A. Dinarello, Anti-inflammatory agents: present and future, Cell 140 (2010) 
935–950, https://doi.org/10.1016/j.cell.2010.02.043. 

[18] L.A. Abdulkhaleq, M.A. Assi, R. Abdullah, M. Zamri-Saad, Y.H. Taufiq-Yap, M.N. 
M. Hezmee, The crucial roles of inflammatory mediators in inflammation: a 
review, Vet. World 11 (2018) 627–635, https://doi.org/10.14202/ 
vetworld.2018.627-635. 

[19] M.W. Konstan, P.B. Davis, Pharmacological approaches for the discovery and 
development of new anti-inflammatory agents for the treatment of cystic fibrosis, 
Adv. Drug Deliv. Rev. 54 (2002) 1409–1423, https://doi.org/10.1016/S0169- 
409X(02)00146-1. 

[20] V. Mateus, J. Rocha, P. Alves, H. Mota-Filipe, B. Sepodes, R.M.A. Pinto, Anti- 
inflammatory effect of erythropoietin in the TNBS-induced colitis, Basic Clin. 
Pharmacol. Toxicol. 120 (2017) 138–145, https://doi.org/10.1111/bcpt.12663. 

[21] T.-F. Zhou, J.-G. Yu, Recombinant human erythropoietin attenuates neuronal 
apoptosis and cognitive defects via JAK2/STAT3 signaling in experimental 
endotoxemia, J. Surg. Res. 183 (2013) 304–312, https://doi.org/10.1016/j. 
jss.2012.11.035. 

[22] C.M. Comim, O.J. Cassol, I. Abreu, T. Moraz, L.S. Constantino, F. Vuolo, L. 
S. Galant, N. de Rochi, M.O. dos Santos Morais, G. Scaini, T. Barichello, E. 
L. Streck, J. Quevedo, F. Dal-Pizzol, Erythropoietin reverts cognitive impairment 
and alters the oxidative parameters and energetic metabolism in sepsis animal 
model, J. Neural Transm. 119 (2012) 1267–1274, https://doi.org/10.1007/ 
s00702-012-0774-2. 

[23] X. Zhang, S. Dong, Y. Qin, X. Bian, Protective effect of erythropoietin against 
myocardial injury in rats with sepsis and its underlying mechanisms, Mol. Med. 
Rep. 11 (2015) 3317–3329, https://doi.org/10.3892/mmr.2015.3155. 

[24] C. Tsompos, C. Panoulis, K. Toutouzas, A. Triantafyllou, G. Zografos, A. Papalois, 
The effect of erythropoietin on uterus inflammation during ischemia reperfusion 
injury in rats, Ceska Gynekol. 81 (2016) 342–348. 
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