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A B S T R A C T

The activation or polarization of macrophages to pro- or anti-inflammatory states evolved as an adaptation to
protect against a spectrum of biological threats. Such an adaptation engages pro-oxidative mechanisms and
enables macrophages to neutralize and kill threatening organisms (e.g., viruses, bacteria, mold), limit cancerous
growths, and enhance recovery and repair processes. The present study demonstrates that (1) many diverse
pharmacological, chemical and physical agents can mediate a dose/concentration-dependent shift between pro-
and anti-inflammatory activation states, and (2) these shifts in activation states display biphasic dose-response
relationships that are characteristic of hormesis. This study also reveals that preconditioning—another form of
hormesis—similarly mediates tissue protection by the polarization of macrophages, but in this case, towards an
anti-inflammatory phenotype. This assessment supports the generalizability and significance of hormesis in
biology, medicine, and public health and further extends it to encompass the hormetic activation of macro-
phages.

1. Introduction

Hormesis is a biphasic dose response that is generated by almost all
biological systems as a result of their interactions with various physical
or chemical stimuli. A dose-response relationship is biphasic when low
doses are stimulatory and high doses are inhibitory. The low-dose sti-
mulatory response is the hormetic phase that is often—but not alway-
s—associated with beneficial biological effects. The hormetic response
has reproducible and quantifiable features (e.g., magnitude of the re-
sponse or the range of stimulation) and is responsible for mediating an
extensive range of integrated and adaptive survival processes, such as
cell proliferation, tissue repair, aging, and longevity [1]. Many re-
ceptor-based systems (e.g., dopamine, estrogen, opioids, prostaglandin,
somatostatin) routinely display hormetic responses [2,3]. More re-
cently, preconditioning responses have also been shown to display bi-
phasic, U-shaped profiles, indicating that preconditioning is another
manifestation of hormesis [4,5]. The present review extends the
hormesis concept to ‘macrophage polarization’, a term refined to
‘macrophage activation’ by Murray et al. [6]. According to the latter
view, macrophages assume a diverse array of phenotypes that are not
necessarily only divisible into two polarized states but perhaps into a

spectrum that is dependent upon the nature of the activating stimulus,
the biomarkers employed to conclusively characterize the macro-
phages, and the macrophage isolation and treatment procedures. It is
important to note that macrophage activation involves complex
changes in the expression of hundreds of genes, none of which seem to
“define a single sub-lineage or activation state of macrophages” [6].
Thus, the activation states can be remarkably varied and not necessarily
always associated with predictable changes in the same set of genes. It
is not the intent of this study, however, to address any controversies or
redefine any of the activation states of macrophages, but rather to
understand dose-responsiveness with regard to pro- and anti-in-
flammatory shifts in macrophage activation.
There is evidence in the literature that at least 40 agents mediate

biphasic macrophage responses in a manner consistent with hormesis.
In other words, a single agent displays the capacity to shift macro-
phages from pro- to anti-inflammatory states or vice versa when the
concentration is increased and all other experimental variables remain
constant. These observations are assessed with respect to the dose-re-
sponse features, underlying mechanisms, tissue localization, and the
states of disease or health. As well, the potential for preconditioning to
activate macrophages is addressed within a hormetic framework [4,5].
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Macrophage activation may thus protect organ systems from diverse
threats to health and survival, including microbial infections, tumor
enlargement, acute trauma, inflammatory processes, and age-related
progressive decline in function.
The present investigation was prompted by the recognition that

relatively low doses of ionizing radiation are quite effective in miti-
gating inflammation in animal models [7,152,153,10] and humans
[11–20], while at the same time also killing tumor cells and preventing
metastasis [21] with pro-oxidative processes. Both of these seemingly
opposing phenotypes are nevertheless adaptive and indicate a hormetic
expression that is integrated and may be dictated by the cellular context
and the needs of the organism within a specific environment. Two re-
cent papers further suggest that ionizing radiation mediates both pro-
and anti-inflammatory effects by mechanisms that yield biphasic dose
responses [22–24]. These perspectives are consistent with the hormetic
biphasic dose-response interpretation offered here.

2. Macrophage phenotypes and the biphasic dose response

Macrophages are heterogeneous and ubiquitous immune cell po-
pulations, being both resident and mobile in various organs such as
brain (microglia), liver (Kuppfer cells), and kidney (mesangial cells),
among others. Macrophages display a vital role in the initiation,
maintenance, and resolution of inflammation. They act as primary re-
sponders to foreign pathogens by altering their structural morphologies
and functional features in response to a broad spectrum of stimuli. A
consequence of this plasticity is the expression of many different phe-
notypes, designated by some authors at the simplest level as M1
(classically activated) and M2 (alternatively activated). For succinct-
ness and clarity of discussion, the M1/M2 nomenclature that was ori-
ginally used in cited studies is retained here, with the understanding
that these states might be more accurately described as pro- and anti-
inflammatory, as alluded to above. Thus, M1 macrophages have anti-
microbial and anticancer properties, whereas the immune-resolving M2
macrophage subtypes M2a, M2b, and M2c facilitate tissue repair/re-
modeling, immune cell recruitment, phagocytosis [25], and angiogen-
esis [26–28]. Martinez and Gordon [29] argue that descriptions of the
classic and alternative polarization states are heavily based on in vitro
responses to specific stimuli, such as interferon-gamma and lipopoly-
saccharide (LPS) for M1 and interleukin-4 for M2, but that in the case of
in vivo responses both M1 and M2 stimuli are concurrently present in
tissues [29,30]. Additionally, such polarization etymologies are typi-
cally predicated on the in vitro responses of “resting” macrophages and
it is unlikely that in vitro macrophages can accurately or completely
replicate the responses of in vivo macrophages given the inherent
complexities associated with the physiological/pathological conditions
of in vivo environments. Although the tissue ratio of M1-like/M2-like
macrophages is regulated by the activation of several molecular path-
ways that converge partly upon the STAT1 and the STAT3/STAT6
pathways, the M1/M2 ratio displays features that are variable across
species and strains, suggesting diverse survival strategies [31]. Fur-
thermore, the considerable differences in M1/M2 activation programs
in humans versus mice have somewhat hindered the interpretation of
polarization studies and recent reports reveal that microglia from hu-
mans and mice exhibit a number of disparities in gene expression, a
dissimilarity that diverges further with aging [32]. It was not the intent
of this study to reconcile the many complex issues involved in the
classification of macrophages into only two states. Instead, our primary
goal was to investigate whether the activation of macrophages by
various stimuli to pro- and/or anti-inflammatory states, classified as M1
or M2, conforms to the biphasic dose-response model known as
hormesis.

3. Literature search strategy

This study investigated the dose-response characteristics of various

pharmacological, chemical, and physical agents in the activation of
macrophages across an entire spectrum of polarizations, ranging from
the most to the least polarized M1 and M2 macrophages. The search
strategy involved the use of databases from PubMed, Web of Sciences,
and Google Scholar, employing numerous terms (e.g., concentration
response, dose response, biphasic, J-shaped, optimal dose, pre-
conditioning, post-conditioning, adaptive response, ionizing radiation,
aging, radiotherapy, chemotherapy, gender, and numerous specific
agents such as arsenic, boron, selenium, zinc and others) in conjunction
with “macrophage polarization” or “M1 and M2 polarization pheno-
types”. Retrieved articles were cross-referenced and other articles citing
the retrieved articles were also obtained and similarly evaluated.
Relevant publications of lead authors on key publications were also
retrieved and evaluated.

4. Results

This multi-database search strategy identified 40 diverse pharma-
cological, chemical, and physical agents displaying biphasic dose re-
sponses across the dose-response continuum (Table 1). Several agents,
including low-level laser therapy, ionizing radiation, and hypoxia had
similar general dose-response characteristics. Some of these enhanced
the polarization of macrophages towards anti-inflammatory phenotypes
at low doses/concentrations and towards pro-inflammatory phenotypes

Table 1
Macrophage Activation: Dose-Response Relationship.

Option #1:
Low Dose → Polarize Toward Proinflammatory Phenotypes Such as “M1”
High Dose → Polarize Away from Proinflammatory States → toward “M2”

Agents: References

ACT-1 (analog of lipoxin) [33]
B-elemene [34]
Cisplatin [35]
CBD (cannabiniol) [36]
Cerium Oxide Nanoparticles [37,38]
DC101 [39]
DMSO [40]
Galectin-9 [41]
Hypoxia/Oxygen [42]
IFNy [43]
Lactic Acid [44]
LLLT [45]
LPS [46]
Luteolin [47]
Monocyte Chemoattractant Protein -1 (MCP-1) [48]
OxLDL [49]
Pentraxins: SRP, CRP, PTX3 [50]
Phosphocholine (PAZPC) [51]
Pine Oil (needle, twig, cone oils) [52]
Rapamycin/analog [53]

Option #2
Low Dose → Polarize Toward Anti-Inflammatory “M2” states
High Dose → Polarize Away from M2 → Toward Pro-inflammatory “M1” states

Agents: References

Butyrate [54]
Chlorogenic acid [55]
Cholesterol (free) bone-derived [56]
Docosahexaenoic acid (DHA) [57]
Doxycycline [58]
Tacrolimus (FK506) [59]
Ginsenoside Rb1 [60]
LLLT/microglial [61]
LPS/p. gingival [62]
Luteolin [63]
Magnesium [64]
Rituximab [65,66]
Vascular endothelial growth factor (VEGF) [67,68]
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at higher doses/concentrations. Others, however, acted in an opposite
manner with low doses/concentrations enhancing the polarization to-
ward pro-inflammatory phenotypes, while higher doses/concentrations
skewed macrophages towards anti-inflammatory phenotypes (Table 1;
Figs. 1 and 2).
Each dose-response relationship was assessed by established criteria

[69–73] (Fig. 3), based on a quantitative approach and encompassed 40
parameters of evaluation, including study design, number of doses,
sample sizes, statistical significance, reproducibility of findings, and
other factors. After applying these hormetic dose-response criteria, each
paper was further evaluated within the context of biomedical sig-
nificance and underlying mechanistic features to account for the bi-
phasic dose-response characteristics (Table 4). This involved the iden-
tification of receptors and pathways mediating the low-dose stimulation
and high-dose inhibition of responses [8]. A detailed dose-response
investigation of key features of the macrophage polarization study de-
sign indicated that> 95% of the 96 experiments had used between 3–8
doses, with the highest proportion of experiments having 7 doses/

concentrations (29 dose responses out of 96) (Table 2).
These dose-related data on macrophage activation were acquired by

using a number of diverse biological models, including RAW 264.7
cells, mouse bone marrow cells, human peripheral monocytes, human
THP-1 cells, Kupffer cells, mesangial cells, and microglial cells. The
measured endpoints involved multiple gene and protein expression
markers or secreted cytokines historically used to define the “M1” (e.g.,
TNFα, IL-6, iNOS, IFNγ, CD86, IL-1β) and “M2” phenotypes (e.g.,
Arginine-1, CD206, IL-4, IL-10, IL-13, TGBβ). The quantitative expres-
sion of these markers revealed that the median maximally enhanced
response in the low-dose zone for M1 biomarkers was 225% (relative to
100% for the control). Conversely, the median maximal increase for the
M2 biomarkers in the low-dose zone was 160%. The higher maximal
median value for the “M1” biomarkers may have been principally in-
fluenced by a study on three pentraxin agents by [50]. This study in-
cluded 24 total doses with 18 responses> 200% and 8 doses with re-
sponses> 300%. The width of the low-dose stimulatory zone was ten-
fold for both the M1 and M2 phenotypes.

Fig. 1. Macrophage activation, with Low dose → proinflammatory activities and high dose → anti-inflammatory.

Fig. 2. Macrophage activation, with Low dose → anti-inflammatory and high dose → proinflammatory.
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In most studies, multiple biomarkers were used to estimate the de-
gree and proportion of “M1 and M2” polarization, as none of the single
biomarkers was viewed as a gold standard [35,56,77,78]. Data from
such studies included protein expression of specific biomarkers (as as-
sessed by flow cytometry) and the estimated percentages of M1 and M2
polarized phenotypes. Such biomarkers varied in their sensitivities,
specificities, and circadian rhythms of expression [79].
Detailed mechanistic studies at the molecular level of receptors and

pathways were reported in a number of papers [22,54,80]. For ex-
ample, Ji et al. [54] reported that enhancement of the M2 state (as
assessed by Arginase 1 expression) with low doses of the microbial
metabolite, butyrate, was mediated by the acetylation of H3K9 and the
subsequent transcription of STAT6. C646, an inhibitor of histone

acetyltransferase (HAT), blocked this increased expression of Arg1 via
the acetylation of H3K9 and inhibited the bone marrow-derived mac-
rophage polarization.

5. Preconditioning, hormesis, and macrophage phenotype

5.1. In vitro Studies

Currently, literature describing the in vitro effects of preconditioning
on macrophage activation is limited but growing. To date, the areas of
research have involved the use of: 1) microglial BV2 cell line, 2) me-
senchymal stem cells and their effects on macrophage activation, 3) cell
lines or primary cell cultures to assess endoplasmic reticulum (ER)

Fig. 3. (A) Macrophage activation and hormesis skew toward proinflammatory (M1) phenotypes at low concentrations. (1) [52]; (2) [43]; (3) [40]; (4) [44]; (5) [47];
(6) [36]; (7) [39]; (8) [50]; (9) [45]; (10) [34]; (11) [37,38]. (B) Macrophage activation and hormesis skewing toward anti-inflammatory (M2) phenotypes at low
concentrations. (12) [63]; (13) [68]; (14) [55]; (15) [56]; (16) [62]; (17) [66]; (18) [58]; (19) [60]; (20) [50]; (21) [54]..
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stress on macrophage activation, and 4) primary hippocampal cell
cultures to assess microglial shifts in phenotype (Table 3; Fig. 4). Each
area of research is briefly summarized below.

5.2. Microglial BV2 cell line

Preconditioning of the microglial BV2 cell line with low con-
centrations of lipopolysaccharides (LPS) was protective against a sub-
sequent higher concentration of LPS, a phenomenon known as en-
dotoxin tolerance [84]. Endotoxin tolerance in this model was
associated with an M2 state, as reflected by induction of the anti-in-
flammatory marker, CD206 and loss of CD54. Similarly, various tran-
scription factors were expressed that affected pro- and anti-in-
flammatory responses.

5.2.1. Stem cells
Hypoxia preconditioning of mesenchymal stem cells has been

shown to shift macrophages to the anti-inflammatory/“M2” phenotype
[30,85]. In the protocol used by Zullo et al. [85], the conditioned
medium from hypoxic stem cells significantly decreased the iNOS/ar-
ginase 1 ratio in macrophages from 1.5 to 0.2, indicative of a more anti-
inflammatory phenotype. Martinez et al. [30] demonstrated that pre-
conditioning protected against the lethal effects of natural killer (NK)
cells after myocardial infarction. Lin et al. [77] similarly reported that
preconditioning shifted macrophage activation patterns towards an
anti-inflammatory M2 state and improved bone regeneration, with
potential implications for inflammatory bone disorders.

5.2.2. Endoplasmic reticulum stress (ER stress)
As a preconditioning stimulus, ER stress was able to regulate

Fig. 3. (continued)
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macrophage activation in hepatocytes [89] and macrophages [91].With
an increase in ER stress intensity (i.e., molecular markers induced by ER
stressors) a progression toward the M2 phenotype was observed.
However, preconditioning with the universal ER stress inhibitor 4-
phenylbutrate reversed the polarization and promoted the M1 pheno-
type, highlighting the importance of ER stress preconditioning in pa-
tients with metabolic disorders.

5.2.3. Primary hippocampal cell culture/microglial polarization
A report by Ajmone-Cat et al. [82] on the relationship of pre-

conditioning and macrophage polarization argued that the toll-like re-
ceptor 4 agonist LPS is a classic M1 stimulus in organotypic hippo-
campal slice cultures. However, LPS can also be an inducer of M2 and
endotoxin tolerance when administered at lower concentrations, as
discussed earlier. The well-established protective effects produced by
systemic exposures to low levels of endotoxin are therefore hypothe-
sized to involve the activation of anti-inflammatory macrophages.

5.3. Macroglial BV2 cell line

The anti-dementia drug donepezil has been shown to protect against
the effects of the Parkinson’s disease toxicant MPP+by serving as a
preconditioning stimulus. Chen et al. suggested that donepezil pre-
conditioning initiated three hours prior to MPP+ treatment elicited a
phenotypic transformation from M1 to M2 via phosphorylation of
STAT6 [87].

5.4. In vivo studies

Preconditioning has been shown to be protective in a range of ex-
perimental conditions (Table 5). Follow-up investigations have in-
dicated that the protective effect of preconditioning may be mediated
by the activation of macrophages to an anti-inflammatory M2-like state.
Several findings support this notion, including: (1) the reduction in
diethylnitrosamine (DEN)-induced liver toxicity by low-dose LPS pre-
treatment [83], (2) the reduction in LPS-induced renal toxicity by prior
exposure to low-dose LPS [78], (3) the enhanced stabilization of
atherosclerotic plaques following ginsenoside RB1 pretreatment [60],
(4) the prevention of arthritic knee damage after low-dose pretreatment
with prednisolone [92], and (5) the reduction in stroke damage by
multiple pre/post-conditioning triggers that activated macrophages to
an anti-inflammatory (M2) state [88,95,96].

5.4.1. Clinical studies: radiation-induced anti-inflammatory phenotypes
A number of clinical findings have been published reconstructing

the dose-response relationships of radiotherapy on ailments and infec-
tions involving inflammatory processes that are central to their etiology
(e.g. gas gangrene, pneumonia, pertussis, arthritis, carbuncles, fur-
uncles, otitis media, sinusitis, shoulder inflammation, and bronchial
asthma). Data from over 100 clinical studies evaluating more than
38,000 male and female patients of varying age groups revealed that
radiation doses between 1–6 Gy were reliably effective for a broad
range of clinical conditions [11,12,15,16,13,14,9]. Collectively, these
studies were consistent with the successful results of large German
studies on radiotherapy [98] and indicate that low-dose radiation is an
effective anti-inflammatory therapy.

5.4.2. Clinical studies: radiation-induced cancer therapy via pro-
inflammatory processes
During the early 20th century, a series of clinical trials involving

low-dose (25–250 r) total body irradiation (TBI) in the treatment of
leukemia and lymphomas were initiated with some degree of success
[99,100]. However, the development of systemic chemotherapeutic
agents in the 1940s [101] diminished the interest in TBI as a form of
systemic therapy until Ralph E. Johnson [102–108,154] at the US Na-
tional Cancer Institute (NCI) suggested a role for TBI in the primaryTa
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Table 4
Mechanisms mediating the activation of macrophages and displaying a hormetic dose response.

Agent Mechanism

Free Cholesterol The mechanism by which free cholesterol affected the biphasic activation of macrophages was partly mediated by the
expression of PPARγ, a well-known and key modulator of the process of polarization [56].

Luteolin The mechanisms by which luteolin affected an hormetic-like biphasic dose response for macrophage activation was
most likely due to a decrease in intracellular ROS formation, restoration of nitric oxide stabilization of Cai+, reduction
of COX-2 overexpression, and a sustained overexpression of ILK and integrin beta-1 due to glucotoxicity. These
integrated mechanistic features, which led to the M2 activation of macrophages, were reversed at higher concentrations
[63,74]. Luteolin can also act as a full agonist in 3T3-Li cells for Glut-4, affecting potent anti-inflammatory actions via
PPARγ [75].

808 nm Wavelength Light Photon Acts via cytochrome C, a photoreceptor that absorbs 808 nm wavelength light. Light photons increased mitochondrial
production of ATP and ROS and upregulated cytokine expression of MCP-1 and TIMP-1 at low doses, suggesting a
mechanistic process [61].

Tumor Antibody Dose- Tumor-Directed Antibodies
(both M1 and M2)

Tumor growth is stimulated at low antibody doses and inhibited at higher doses. As the tumor antibody dose increased,
the macrophage activation skewed toward M2. This process seems to be facilitated by activation of the P13 K/Akt
pathway, which led to M2 polarization and tumor formation. Higher antibody doses inhibited tumor formation by the
activation of ADCC and NK formation [65,66].

C-Reactive Protein (CRP) CRP by itself did not facilitate the activation of macrophages to M2. It can only do this by interaction with a cellular
ligand, either phosphocholine (located on bacteria walls) or liposomes (oxidized lipids in atherogenic lesions). CRP
combined with preconditioning acted via Fcy receptors (i.e., Fcy RI). However, CRP with liposomes acted via a different
Fcy receptor subtype (i.e., FcyRII). Fcy receptors mediated macrophage activation independent of T cell signaling. The
activation of FcyRI receptors by CRP-PC resulted in SYK phosphorylation, a metabolic switch that changed M1 to an M2
phenotype. The CRP-liposome molecular complex activated FcyRII, but the same M2 phenotype [50].

Cannabidiol Redox homeostasis regulates the polarization of microglial macrophages [76]. Within this context, Hmox1 indirectly
facilitates the shift to an M2 phenotype. This change is reflected in its altered intercellular redox status, with increased
expression of scavenging molecules and GSH.

Chlorogenic Acid (CHA) CHA affects LPS/IFNγ and IL-4 responsive genes, which act by mediating STAT-1 activation and inhibiting STAT6
activation. CHA also decreases the activation of inflammatory signaling pathway NFKB and JNK/AP-1 in other models
[55]. Such opposing actions provide a conceptual framework to address the dose dependent biphasic hormetic response.

Butyrate The microbial metabolite butyrate enhances M2 macrophage activation and functionality by its capacity to activate
STAT6 transcription through H3K9 acetylation histone [54].

Fig. 4. Preconditioning and macrophage activation states.
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management and treatment of non-Hodgkin’s lymphoma (NHL) [109].
His findings ushered a plethora of supportive clinical studies in the
1970s [110–118]. Efforts in this area were initiated in 1964 by Johnson
and continued for the next 15 years. Johnson was motivated by the dire
failures of multiple contemporary treatment modalities and by the
promising low-dose TBI findings of Heublein [100]. Heublein [100]
used very low total doses and dose rates in the treatment of patients
with chronic leukemia, which Johnson claimed had “unquestionably
resulted in beneficial clinical responses…” Unfortunately, the impact of
Heublein and his novel findings on the field of radiation oncology was
delayed considerably by his untimely death immediately prior to the
publication of his key paper. It took an entire decade before Medinger
and Craver [119] resurrected and successfully applied Heublein’s
treatment protocol in another clinical trial that doubled the average
survival time for patients with disseminated lymphosarcoma, re-
affirming the value of Heublein’s novel approach to cancer treatment.
Despite the encouraging findings and groundbreaking work under-

taken by Heublein [100], the actual methodology adopted by Johnson
was quite different, using a higher total dose and a higher dose rate. For
example, while Heublein [100] administered about 1 rad/hour,
Johnson was delivering 10–15 rad/2–3min as part of a highly dose-
fractionated protocol.
According to Safwat [120], early explorations into radiotherapy

attempted to calibrate a possible therapeutic dose that avoided any
noticeable decreases in white cells and/or platelets. These considera-
tions essentially led to the development of a “low” dose radiation
concept that rarely exceeded a total dose of 3 Gy and also adopted dose-
fractionation, i.e., administering many individual doses that each re-
present a minor fraction of the total dose (0.1 Gy/fractionation) over a
number of prescribed days.
The Johnson protocol (10–15 r/day x several days/week=

150–200 r) (1.5–2.0 Gy) was based on the research of his mentor, del
Regato [121]. Interestingly, Johnson did not acknowledge the earlier
work of del Regato because Johnson published his work in the mid
1960s, before del Regato published his findings in 1974.
Within this timeframe, a considerable number of clinical studies of

chronic lymphocytic leukemia (CCL), non-Hodgkin’s lymphoma (NHL)
and nodular and diffuse lymphomas were conducted. The findings were
consistent, with remissions (not cures) occurring relatively quickly in
about 50–90% of the patients. To counter the reasonable expectation
for relapse and to maintain or re-establish the remission, “booster”
doses [109] of 10–20 rads were often given as needed in one- to three-
month intervals [102,104,105,101]. Notably, subjects frequently re-
ported marked improvement during the full treatment course of 10–15
fractionated doses. Whether the “full” treatment of 150–200 rads was
needed to affect the remission was never investigated. Since a single
booster dose (as low as 25 rads) could easily transform a relapsed pa-
tient into remission [99], the need for a “full” initial treatment dose is
questionable. Therefore, it was unclear whether the commonly em-
ployed total dose range of 150–200 rads was optimal in these patients.
The considerable progress that had been made in the area of low-

dose TBI radiotherapy at the NCI from 1964 to 1978 ended abruptly
upon Johnson’s departure from the NCI. The treatment strategy

switched entirely to new combinatorial chemotherapies that were
shown to be similar and, at times, more effective than TBI. However,
low-dose cancer radiotherapy appeared to be virtually free of adverse
effects and far superior to chemotherapy, which routinely produced
discomforting and, sometimes, serious side effects, such as alopecia,
nausea, gastrointestinal disturbances, and bone marrow damage,
among others.
The mechanism basis by which low-dose radiation mediates its

therapeutic effects was addressed extensively in recent experimental
studies [120,122,123,21,124–128]. These suggest that low-doses of
radiation below 1 Gy appear to reduce the risk of cancer/disease by
activating macrophages to pro-inflammatory states and enabling them
to attack tumor cells. In fact, just prior to the turn of the 21st century
and before the concept of macrophage polarization had been for-
mulated, Hashimoto et al. [129] reported that low-dose ionizing ra-
diation induced changes in immunologically active biomolecules (such
as IFNγ, TGFα, IL-4, IL-6 and IL-10) that have since been shown to
affect the activation states of macrophages.
Genard et al. [24] performed a meta-analysis of the effects of ra-

diation doses on MP across a range of mammalian models and cell
types, exclusive of human data. This meta-analysis was in support of the
hypothesis that ionizing radiation at low doses typically induces anti-
inflammatory macrophage phenotypes and at higher doses induces pro-
inflammatory phenotypes [23]. Genard et al. [24] integrated the find-
ings of 15 studies [23,98,123,130–141] that encompassed a variety of
biological models [e.g. Mouse Tramp-C1 (prostate), Mouse Panc 02
(pancreas), human oral cancer (OSC-19 cells-xenograft, orthotopic
pancreatic ductal adenocarcinoma model, human monocyte-derived
macrophages, RK and SW1463 cells, RAW 264.7, RT5 mouse tumor-
associated macrophages, and THP-1 monocytes] and radiation ex-
posures (0.01–60.0 Gy). The analysis revealed a triphasic dose re-
sponse, with low doses (i.e. roughly <1.0 Gy) skewing toward the M2
phenotype and moderately higher doses polarizing toward M1. At
doses> 5Gy the response skewed back toward M2. These findings have
significant clinical implications. For example, Genard et al. [24] noted
that this dose-response relationship would explain how the blockage of
M-CSE prevents macrophage tumor recruitment in combination with
high dose irradiation. In the clinical treatment of humans, however,
radiotherapy at 1–5 Gy produced anti-inflammatory M2 responses
[98,152,153] that were directly in conflict with the findings of Genard
et al., as were other results from multiple in vivo arthritic models [153].
Furthermore, historical assessment of radiotherapy for numerous
human diseases and/or conditions indicates a remarkable consistency
of successful clinical treatments with doses between 1 and 6 Gy, sug-
gestive of M2 polarization at doses slightly> 1Gy. On the other hand,
consistently successful radiotherapy for human cancer treatment (i.e.,
leukemia/lymphoma) at doses < 1Gy suggests MP polarization to M1
(see section on Clinical Studies) in humans and thus also directly con-
tradicts the findings of Genard et al for doses< 1Gy. Further research
is clearly needed to clarify the sharp (opposite) dose discrepancies be-
tween the in vitro/animal findings [24] and the human clinical data
discussed above.

6. Discussion

This paper provides evidence for the first time that macrophage
activation operates and is regulated within the biphasic, dose-response
framework of hormesis, an evolutionarily conserved strategy for
adaptation and survival that extends widely across the microbial, plant
and animal kingdoms. In other words, macrophage activation re-
presents another critical biological function (endpoint) among many
(e.g., proliferation, growth, fecundity, tissue repair, disease incidence,
behavioral outcomes, and longevity) that have been previously asso-
ciated with a hormetic framework [2,142,143,3]. Hormetic responses
also occur at different levels of biological organization, including the
cell, tissue, organ, and organism, and are independent of biological

Table 5
Stressors that preconditioning was able to protect against.

Spinal cord injury
Sepsis model (kidney damage)
Hippocampal induced toxicity
Hepatotoxicity
Brain damage-chemically-induced Parkinson’s disease model
Stroke-cerebral
Lung inflammation
LPS neuro (brain) inflammation
Atheroslerosis
Wound (healing)
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models, endpoints measured, inducing agents, and mechanisms of ac-
tion. As discerned from a database of over 10,000 hormetic studies, the
magnitudes of maximum hormetic responses are on average only
30–60% greater than control values, with only about 20% of these re-
sponses being greater than twice that of controls [8,73,144,145]. Al-
though limited to about 40 agents, findings on the magnitudes of agent-
induced macrophage activations appear to approximate the historical
parameters associated with hormesis.
Data from this study revealed that many different types of agents

display dose-dependent effects on the activation of macrophages to
either pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes.
Unexpectedly, some of these agents were found to be pro-inflammatory
(M1) at low doses and anti-inflammatory (M2) at high doses (Table 1,
Option #1), while others reversed this dose dependency and were pro-
inflammatory (M1) at high and anti-inflammatory (M2) at low doses.
The observation that such physically and chemically dissimilar agents
could activate macrophages to M1 or M2 phenotypes suggest that no
commonly shared structural property or moiety of the agents is likely to
be a specific and determinant factor in activating macrophages. Of
further note is that three of these diverse agents (LLLT, luteolin and
LPS) are listed under both Options #1 and #2 of Table 1, indicating that
the differences in high- and low-dose activations may be determined, at
least in part, by differences in factors such as cell types, experimental
conditions, and/or measured endpoints.
The complexity and multiplicity of responses involved in activating

macrophages to pro- or anti-inflammatory states are further under-
scored by discrepancies observed in studies involving the activation of
macrophages by ionizing radiation. In this case, Genard et al [24] in-
dicated that the irradiation of animals and in vitro macrophages pro-
duced a triphasic dose response. That is, doses< 1Gy favor anti-in-
flammatory (M2) activation states, doses between 1 and 5 Gy skew
toward pro-inflammatory (M1), and doses> 5Gy again mediate the
anti-inflammatory (M2) phenotype. In contrast, results from many
human clinical trials suggested the opposite: doses< 1Gy produced
pro-inflammatory M1 responses that significantly reduced tumor pro-
motion and progression [21] and doses> 1Gy successfully treated ar-
thritic ailments presumably through the induction of an anti-in-
flammatory M2 phenotype [7]. Further research is clearly needed to
reconcile these serious dosing discrepancies within the context of
hormesis and to articulate a mechanistic understanding of how dis-
similar agents interact with and regulate the activation of macrophages.
The finding that a key immunological function, such as macrophage

activation, can be described within the context of hormesis is sig-
nificant, but unsurprising, given the generality of the hormetic/biphasic
dose response [1,71,73,145]. If macrophage activation is truly hor-
metic, certain assumptions may be reasonably inferred about the acti-
vation process based on a general knowledge of hormesis. Given such a
rationale, these agents presumably interact with one or more regulatory
entities at the molecular level of the macrophage. Moreover, these in-
teractions are likely complex, stress inducing, redox sensitive, gene-
expression inducing, energy dependent, and dose driven [144]. Ulti-
mately, the functional result of this process is the modulation of mac-
rophage activation toward a pro- or anti-inflammatory state as de-
termined by the hormetic/biphasic dose-activation relationship of a
specific agent.
Tan et al. [146] have proposed an integrated hormetic framework

involving a dose-dependent production of reactive oxygen species
(ROS) that mediates macrophage polarization. High ROS concentra-
tions have been shown to mediate the phagocytic properties of M1
macrophages. ROS act as second messengers directing M1 pro-in-
flammatory activities principally via the MAPK and NF-κβ pathways
and the activation of inflammasomes [146]. In contrast, low con-
centrations of ROS were shown to activate M2-regulated genes that lead
to the resolution of inflammation via a reduction in inflammatory
mediators.
In biological systems, a biphasic response to a linear concentration

gradient is well recognized as a means of signaling and communicating
biological information [2,3,142,143]. It represents a highly conserved
and widespread approach that not only turns processes on/off to relay
biological information via chemical signaling but also provides critical
information to determine the magnitude and duration of the response
[144]. The recognition that macrophage activation acts in a hormetic
manner enables a better understanding of the biological strategies re-
quired to protect organs from a variety of acute and chronic threats
induced by biological, chemical and physical insults, including aspects
of normal aging.
While this study has identified many diverse agents that employ an

hormetic (biphasic and dose-dependent) mechanism to mediate the
activation of macrophages, many other studies exist [37,38,147–149]
that have identified various other agents and mechanisms involved in
skewing the response of macrophages toward either an M1 or M2
phenotype, depending on the type of tissue and/or threat. These clini-
cally focused investigations, however, typically select a limited con-
centration range that fails to explore the entire macrophage polariza-
tion continuum. For example, Liu et al. [150] reported that curcumin at
the specific dose of 150mg/kg-IP protects against ischemic stroke da-
mage in a mouse model (C5BL/6) by polarizing macrophages toward
the anti-inflammatory (M2) phenotype.
Preconditioning is a phenomenon by which prior exposure to a low

dose of a stressor induced biological protection/tolerance to a sub-
sequent and more toxic dose of the same or related agent [4,5]. The
present study reveals that the protection induced by preconditioning in
macrophages is mediated via their polarization toward an anti-in-
flammatory state, independent of the biological model, tissue/organ,
preconditioning agent, and toxicity-induced agent/process. It is also
plausible that polarization may prompt certain macrophage responses
that mediate similar levels of dynamic plasticity in other cells, specifi-
cally in the context of complex physiological phenomena such as neu-
roinflammation [151]. These findings highlight the systemic con-
sequences of activating macrophages by a preconditioning process and
suggest that this activation process is an important evolutionary
strategy. Further research will be necessary to assess whether it is also
common within the context of post-conditioning, i.e., when the con-
ditioning stimulus is applied after, instead of before the injurious
challenge. Of significance is the potential that exists for these hormetic
processes to prevent agent-induced damage and be translated into ap-
plications that benefit public health, clinical medicine, athletic and
military training, and urgent care practices.

7. Conclusion

The present study demonstrates that the activation/polarization of
macrophages frequently displays biphasic/hormetic dose responses.
This was demonstrated for a diverse group of chemical and physical
agents across a broad range of biological models and endpoints. The
biphasic/hormetic activation of macrophages occurred in both pre-
conditioning and non-preconditioning experimental protocols. These
findings suggest that macrophage activation evolved as a dose-response
strategy mediated within a hormetic framework. Many biological pro-
cesses are thus manifestations of hormesis and underscore its centrality
in biology, medicine, and public health.
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