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β-Endorphin mediates radiation therapy fatigue 
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Fatigue is a common adverse effect of external beam radiation therapy in cancer patients. Mechanisms causing 
radiation fatigue remain unclear, although linkage to skin irradiation has been suggested. β-Endorphin, an en-
dogenous opioid, is synthesized in skin following genotoxic ultraviolet irradiation and acts systemically, produc-
ing addiction. Exogenous opiates with the same receptor activity as β-endorphin can cause fatigue. Using rodent 
models of radiation therapy, exposing tails and sparing vital organs, we tested whether skin-derived β-endor-
phin contributes to radiation-induced fatigue. Over a 6-week radiation regimen, plasma β-endorphin increased 
in rats, paralleled by opiate phenotypes (elevated pain thresholds, Straub tail) and fatigue-like behavior, which 
was reversed in animals treated by the opiate antagonist naloxone. Mechanistically, all these phenotypes were 
blocked by opiate antagonist treatment and were undetected in either β-endorphin knockout mice or mice 
lacking keratinocyte p53 expression. These findings implicate skin-derived β-endorphin in systemic effects of 
radiation therapy. Opioid antagonism may warrant testing in humans as treatment or prevention of radiation- 
induced fatigue. 
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INTRODUCTION 
Most cancer patients receiving radiation therapy are treated with 
fractionated external beam radiation in which a daily dose of ioniz-
ing radiation from an external source targets a solid tumor located 
at a specific anatomic site. Radiation commonly causes fatigue, thus 
exacerbating one of the most common and distressing symptoms in 
patients with cancer (1). As shown in some of the early longitudinal 
studies on radiation-related fatigue, patients undergoing radiation 
typically begin to experience fatigue 3 to 4 weeks into a 6- to 8- 
week regimen (2–4). The fatigue may last for approximately 3 
weeks after the end of therapy, although in some instances it can 
persist for longer before recovery to pretreatment levels (2–5). 
While fatigue is a subjective phenomenon measured by patients’ 
self-reporting, its clinical significance has been recognized as 
early as 2000 by the National Comprehensive Cancer Network as 

an entity deserving attention in the management of cancer patients 
(6). 

Although a well-described phenomenon, the mechanism(s) 
causing radiation fatigue remains uncertain. Notably, fatigue is ex-
perienced as often in patients receiving tangential field radiation 
that penetrates only the skin and subcutaneous tissue, as in those 
receiving radiation to deeper structures (7). Among breast cancer 
patients, those who receive whole breast irradiation have higher 
levels of treatment-related fatigue compared to patients who 
receive partial breast irradiation, which involves radiation to a 
smaller surface area (8). Other studies have also demonstrated 
that fatigue incidence and severity are more highly correlated with 
dose and surface area of the radiation field than depth penetrated (4, 
5, 9–11), leading us to hypothesize that factors in the skin may play a 
causative role in radiation-induced fatigue. 

Recent studies have identified a cutaneous pathway activated fol-
lowing exposure to ultraviolet (UV) light, in which epidermal ker-
atinocytes up-regulate p53, which stimulates expression of pro- 
opiomelanocortin (POMC) that is posttranslationally cleaved into 
bioactive peptides including the pigmentation-inducing hormone 
α-MSH (melanocyte-stimulating hormone) and the endogenous 
opioid β-endorphin (12). Systemic increases in β-endorphin after 
UV exposure produce opiate-like behaviors and phenotypes (14), 
indicating systemic β-endorphin effects following local UV expo-
sure. Opiate drugs can cause sedation, a common symptom associ-
ated with fatigue (15, 16), prompting us to ask whether radiation- 
induced increases in β-endorphin might contribute to the fatigue 
associated with radiation therapy. To test this, we used rodent tail 
irradiation to model minimally penetrating radiation therapy. 

1Cutaneous Biology Research Center, Department of Dermatology and Cancer 
Center, Massachusetts General Hospital, Harvard Medical School, Boston, MA 
02114, USA. 2Department of Oncotherapy, Doctoral School of Clinical Medicine, 
University of Szeged, Szeged, Hungary. 3HCEMM-SU Translational Dermatology Re-
search Group, Department of Physiology, Semmelweis University, Budapest, 
Hungary. 4Department of Dermatology, Venereology and Dermatooncology, Sem-
melweis University, Budapest, Hungary. 5Radiation Oncology, Beth Israel Deacon-
ess Medical Center, Boston, MA 02215, USA. 6Department of Radiation Oncology, 
Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA. 
7National Council on Radiation Protection and Measurements, 7910 Woodmont 
Ave, Suite 400, Bethesda, MD 20814, USA. 8Program in Neuroscience, Harvard 
Medical School, Boston, MA 02115, USA. 9Department of Pediatrics, Lurie Center 
for Autism, Massachusetts General Hospital for Children, Boston, MA 02421, USA. 
10Department of Biology, Hope College, Holland, MI 49423, USA. 11ELI-ALPS Non 
Profit Ltd., Szeged, Hungary. 12MGH Center for Translational Pain Medicine, Depart-
ment of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hos-
pital, Harvard Medical School, Boston, MA 02114, USA. 13FM Kirby Neurobiology 
Center, Boston Children’s Hospital, Boston, MA 02115, USA. 
*Corresponding author. Email: dfisher3@partners.org (D.E.F.); kemeny.lajos@med. 
semmelweis-univ.hu (L.V.K.) 
†These authors contributed equally to this work. 
‡Present address: Stanford University, 257 Campus Drive, Stanford, CA 94305, USA. 

Hermann et al., Sci. Adv. 8, eabn6025 (2022) 16 December 2022                                                                                                                                             1 of 10  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  



RESULTS 
Tail irradiation induces fatigue-like behavior in rats 
together with increased plasma β-endorphin and opioid 
phenotypes 
We first asked whether β-endorphin levels increase systemically in 
response to tail irradiation treatments. In our initial model, rats re-
ceived ionizing radiation (2 Gy/day) to the tail, with all other parts 
of the body protected in lead enclosures. Each regimen consisted of 
5 days of daily radiation per week for 6 weeks, after which the radi-
ation stopped. Another group of animals (mock treatments) were 
kept in lead enclosures for a time equal to radiation administration 
(approximately 1 min), but no radiation was administered. Plasma 
β-endorphin increased significantly 4 weeks after the start of daily 
tail irradiation and returned to baseline 1 week after the termination 
of irradiation (Fig. 1A). Plasma β-endorphin did not significantly 
increase during mock irradiation, suggesting that the technical pro-
cedures required to administer irradiation did not induce endor-
phin elevation by triggering a stress response. 

We next tested whether this radiation treatment protocol may 
produce fatigue-like symptoms, as a model for the human condi-
tion. We observed that, following irradiation, rats became progres-
sively sedate, as quantified by movement measurements calculated 
using open-field actimetry (Fig. 1B). While other tests of fatigue and 
sedation in rodents exist, we chose open-field actimetry (17) as a 
surrogate of fatigue-like behavior because, unlike other comparable 
tests (18, 19), it produces virtually no added stress and does not 
require single housing of animals; therefore, it has a low probability 
of independently affecting endogenous opioid levels while permit-
ting the monitoring of multiple end points over the required 
time period. 

To test the opioid dependency of this fatigue-like phenotype, we 
pretreated rats with intraperitoneal administration of naloxone (10 
mg/kg) before actimetry testing. Despite maintained radiation- 
induced increases in plasma β-endorphin (Fig. 1, A and B), nalox-
one was seen to prevent the radiation-induced decreases in actim-
etry measurements. Mock-irradiated rats showed no change in 
activity or plasma β-endorphin levels (Fig. 1, A and B). Together, 

Fig. 1. Tail radiation increases β-endorphin levels, depresses motor activity, and induces other opiate phenotypes in rats. Sprague-Dawley rats underwent tail 
radiation or mock treatment (2 Gy/day) 5 days/week for 6 weeks. Error bars in the figure indicate ±SEM. Numbers in brackets indicate numbers of animals per group. 
Arrows in (A) and (B) indicate the last day of radiation exposure or mock treatment (week 6, day 42). In (A) and (B), 6 weeks of tail radiation (5 days/week) or mock exposure 
were done on all groups followed by two additional weeks after tail treatment. (A) Plasma β-endorphin levels for each of the groups. Two-way analysis of variance (ANOVA) 
with the Holm-Šídák multiple comparisons test revealed significant differences between groups that are indicated above the graphs. Black numbers indicate differences 
between Mock-Saline and Irradiated-Saline; blue numbers indicate differences between Mock-Naloxone and Irradiated-Naloxone groups. (B) Distance traveled in 30 min 
by open-field actimetry was measured once weekly as described in (A). Rats were administered intraperitoneal saline injection or naloxone injection (10 mg/kg) before 
actimetry testing. Two-way ANOVA with the Holm-Šídák multiple comparisons test revealed significant differences between groups that are indicated above the graphs. 
Red numbers indicate difference between Irradiated-Naloxone and Irradiated-Saline. Black number indicates difference between Irradiated-Saline and Mock-Saline. All 
other groups showed no significant change from baseline. (C) Straub tail reaction is observed after 5 weeks of tail radiation (bottom), but not in mock-irradiated animals 
(top). Value of significance was determined by two-tailed unpaired t test. (D) Thermal nociceptive threshold increased in irradiated animals. Two-way ANOVA with the 
Holm-Šídák multiple comparisons test revealed significant differences between the groups that are indicated above the graphs. Black numbers indicate differences 
between Mock and Irradiated rats. 
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these data suggest that radiation-induced fatigue is associated with 
systemic elevations in β-endorphin and may respond to administra-
tion of an opiate receptor antagonist. 

As both systemic elevations of β-endorphin (13) and systemic 
opiates have been associated with multiple behavioral effects, we 
asked whether the observed increases in plasma β-endorphin after 
ionizing radiation may also be associated with other phenotypes as-
sociated with opioid signaling. With administration of exogenous 
opiates, rodents demonstrate μ-opioid receptor–dependent noci-
ceptive threshold elevations (20) and Straub tail (21), which is a 
central μ-opioid receptor–dependent contraction of the sacrococcy-
geus dorsalis muscle at the base of the tail that results in rigidity and 
elevation of the tail. Following tail irradiation, we observed Straub 
tail (Fig. 1C) as well as an elevation in nociceptive threshold 
(Fig. 1D). Although stress has been shown previously to trigger 
opioid-dependent Straub tail phenomenon in rats (22), we have ob-
served a difference between mock-treated and mock-irradiated rats, 
suggesting the direct role of irradiation in Straub tails. 

Given the requirement for peripheral β-endorphin synthesis in 
these opiate-like phenotypes (13), we investigated the role of the pe-
ripheral nervous system in fatigue-like behavior. We observed that 
the blood-brain barrier–permeable antagonist naloxone can 
prevent fatigue-like behavior in rats (Fig. 1B), so we tested the 
blood-brain barrier–impermeable compound methylnaltrexone, 
which when injected peripherally only blocks peripheral opioid re-
ceptors. However, peripheral methylnaltrexone did not prevent the 
development of any fatigue-like behavior end points (velocity, time 
spent not moving, and distance traveled) (fig. S1, A to C), suggest-
ing that central opioid signaling is critical for mediating fatigue-like 
behavior. Collectively, these findings suggest that minimally pene-
trating chronic irradiation can increase a systemic elevation of β-en-
dorphin and induce fatigue-like behavior along with measurable 
alterations in several other opiate phenotypes. 

Plasma β-endorphin elevations in tail-irradiated mice 
To elucidate the underlying mechanism behind radiation-induced 
elevations in blood β-endorphin, we used several genetic mouse 
models. Mice exhibit paradoxical hyperlocomotion responses to 
opiates (fig. S2), in line with previous observations (23–29), in con-
trast to rats (30) and humans; therefore, they do not represent an 
ideal model system to study the involvement of skin-derived endog-
enous opioids in a tail irradiation–induced fatigue model. Further-
more, previous observations showed that β-endorphin does not 
change locomotor behavior in mice (31). However, mice represent 
a rich source of genetic models, which enables the dissection of the 
pathway through which radiation induces plasma β-endorphin 
levels. Using a crossover design, we treated mice with daily tail irra-
diation (with body shielding similar to the rat studies above) and 
switched the two groups reciprocally between mock irradiation 
and ionizing radiation after 6 weeks. Plasma β-endorphin increased 
significantly 2 weeks after the start of daily tail irradiation and re-
turned to baseline 1 week after the transition from tail irradiation to 
mock irradiation (Fig. 2A). Plasma β-endorphin did not signifi-
cantly increase during mock irradiation, but upon initiation of 
tail irradiation in the previously mock-treated group, β-endorphin 
significantly increased after 1 week of tail irradiation (Fig. 2A). Tail 
irradiation–mediated increases in β-endorphin were greater in these 
mouse experiments than in the rat studies above. This may be due to 
the lower daily radiation doses administered to rats, which more 

closely model radiation dose fractions administered to cancer pa-
tients. As expected from DNA damage–induced up-regulation of 
POMC and POMC-derived peptides [as in response to UV exposure 
(12, 13)], we observed increased local pigmentation in irradiated 
skin areas, but not in nonirradiated skin areas or in mock-irradiated 
animals (Fig. 2B). We did not observe hyperpigmentation of rat tails 
upon radiation (fig. S3), because Sprague-Dawley rats carry a mu-
tation in the tyrosinase gene that makes them albino (32). This mis-
sense mutation (R299H) is conserved across all albino rat strains 
(29, 33) and has been described in patients with oculocutaneous al-
binism type I (34). Because of the lack of tyrosinase activity, it is 
expected that the melanocytes of these rats are incapable of produc-
ing pigment, despite upstream activation by POMC-derived MSH. 
This inability to produce pigment in albino rats is similar in albino 
mice and albino humans. Thus, this difference is not a species-de-
pendent difference in DNA damage response upon irradiation in 
keratinocytes because irradiation induces POMC-derived endor-
phin elevation and multiple opioid phenotypes in both species. 
Rather, this observation is due to the inability of albino melanocytes 
to produce pigment upon MSH stimulation, independent of the up-
stream DNA damage response. Collectively, our results are consis-
tent with previous observations that ionizing radiation induces 
DNA damage responses that, like UV radiation, can trigger p53-me-
diated downstream effects (35, 36). 

Radiation induces opioid-mediated behaviors in parallel 
with plasma β-endorphin increases that are inhibited by 
pharmacologic opioid antagonism 
We next asked whether the observed increases in plasma β-endor-
phin are functionally significant in mice. Similar to our findings in 
rats, we observed that tail-irradiated mice exhibit the Straub tail sign 
(Fig. 2C). The sign was noticeable within 4 weeks of initiating radi-
ation, and tails returned to normal within 1 week of stopping radi-
ation, while controls that were initially mock-irradiated 
demonstrated no evidence of Straub tail, but did develop Straub 
tail after initiation of tail irradiation at the beginning of week 7 
(crossover design) (Fig. 2C). In irradiated animals, Straub tail was 
reversed by administration of naloxone, but not by saline (Fig. 2, D 
and E), suggesting involvement of an endogenous opioid pathway. 
While these studies used male animals, we separately compared tail 
irradiation effects on female mice and observed identical effects 
(fig. S4). 

Mechanical (von Frey assay) and thermal (hot plate assay) pain 
sensitivity were also measured during the tail radiation regimen. 
Both mechanical nociceptive thresholds and thermal nociceptive 
response latencies increased significantly with tail irradiation and 
returned to baseline within 1 week of stopping tail irradiation 
(Fig. 3, A and B). These changes paralleled increases in plasma β- 
endorphin levels (Fig. 3C). Tail-irradiated mice treated with the 
opiate antagonist naloxone before pain threshold testing session 
showed no increases in pain thresholds (Fig. 3, A and B) despite in-
creases in plasma β-endorphin levels (Fig. 3C). 

Despite reversal of radiation-induced behavioral effects by nal-
oxone administration, tail-irradiated mice administered naloxone 
before nociceptive sensitivity testing demonstrated significantly 
greater increases in systemic β-endorphin levels compared with 
tail-irradiated mice administered saline (Fig. 3C). Mock-irradiated 
controls with or without naloxone pretreatment showed no signifi-
cant change in mechanical or thermal pain tolerance, or in plasma 

Hermann et al., Sci. Adv. 8, eabn6025 (2022) 16 December 2022                                                                                                                                             3 of 10  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  



Fig. 2. Tail ionizing radiation exposure in mice increases plasma β-endorphin levels and induces opioid-dependent Straub tail. (A) Weekly plasma β-endorphin 
levels in wild-type mice in a crossover experiment in which, initially, one group of mice underwent mock irradiation, while a second group of mice underwent tail radiation 
(5 Gy/day) 5 days/week for 6 weeks. After week 6 (day 42), the groups switched treatment regimens, and the treatments continued for six more weeks. Error bars indicate 
±SEM. Two-way ANOVA with the Holm-Šídák multiple comparisons test revealed significant differences between the groups that are indicated above the graph. Black 
numbers indicate differences between Radiation then Mock and Mock then Radiation. (B) Increased local pigmentation of the tail (radiation-exposed area) in a tail- 
irradiated mouse after 6 weeks of ionizing radiation (left), while no pigmentation is observed on the tail of a mock-treated mouse (right). (C) Straub tail scores in 
mock-irradiated mice and mice administered tail radiation (5 Gy/day) 5 days/week for 6 weeks. After 6 weeks (day 42), the groups switched regimens [the same regimens 
as in (A) but with separate groups of mice]. Two-way ANOVA with the Holm-Šídák multiple comparisons test revealed significant differences between the groups that are 
indicated above the graph. (D) Naloxone reverses Straub tail induced by tail irradiation. Representative photos of mice after tail irradiation or mock treatment and 20 min 
after saline or naloxone injection described in (E). (E) On week 4 of tail irradiation, mice were administered intraperitoneal saline or naloxone (10 mg/kg), and Straub tail 
scores were measured 20 min after administration. One-way ANOVA with the Holm-Šídák multiple comparisons test revealed significant differences between groups that 
are indicated above the graph. Error bars in this figure indicate ±SEM. ns, not significant. 
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β-endorphin levels (Fig. 3, A to C), suggesting that the brief restraint 
without radiation does not trigger a stress response modifying β-en-
dorphin levels. 

Radiation-induced opioid-mediated behaviors are 
dependent upon β-endorphin and keratinocyte-specific 
p53 expression 
To test whether these radiation-induced changes in sensory noci-
ceptive threshold are β-endorphin dependent, β-endorphin–null 
mice (37) underwent the tail radiation regimen. As shown in  
Fig. 4 (A and B), β-endorphin–null mice demonstrated no signifi-
cant change in mechanical or thermal pain threshold with radiation. 
Similarly, β-endorphin–null mice did not display Straub tail after 
irradiation (Fig. 4C). These studies suggest that radiation-induced 

increases in β-endorphin produce changes in opioid receptor–de-
pendent phenotypes. 

Because up-regulation of POMC and production of cutaneous β- 
endorphin in response to UV exposure has been shown to be p53 
dependent (12, 13), we tested whether mice with keratinocyte-spe-
cific deletion of p53 fail to elevate plasma β-endorphin in response 
to tail irradiation. We observed that these mice showed no signifi-
cant increase in plasma β-endorphin upon chronic low-dose tail ir-
radiation (Fig. 4D), consistent with a keratinocyte-specific p53- 
dependent process. These data suggest that the keratinocyte 
p53–POMC–β-endorphin pathway is required to elevate plasma 
β-endorphin levels after tail irradiation. In line with the lack of 
plasma β-endorphin elevations, mice with keratinocyte-specific 
p53 knockout did not have elevated nociceptive thresholds 

Fig. 3. Increased analgesic thresholds induced by tail irradiation are reversed by opioid antagonists. After week 6 of tail irradiation or mock exposure, mice were 
assayed for two additional weeks after tail treatment. Arrows indicate the final day of radiation or mock exposure for each group (Mock or Radiation Stop). Two-way 
ANOVA with the Holm-Šídák multiple comparisons test revealed significant differences between groups that are indicated above the graphs. Black numbers indicate 
difference between Irradiated-Saline and Mock-Saline groups. Purple numbers indicate differences between Irradiated-Saline and Irradiated-Naloxone groups. Error bars 
in the figure indicate ±SEM. (A) Mechanical (von Frey assay) (top) and (B) thermal (hot plate assay) (middle) analgesic thresholds in mice that were tail-irradiated (5 Gy/day 
ionizing radiation) or mock-treated 5 days/week for 6 weeks and administered intraperitoneal injection of either saline or naloxone (10 mg/kg) before analgesic testing. 
(C) Plasma β-endorphin levels of mice described in (A) and (B). 
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(Fig. 4E) and did not display Straub tail (Fig. 4F). These results col-
lectively support our model that radiation-induced DNA damage in 
keratinocytes increases plasma β-endorphin levels that are required 
for the opioid behaviors. 

DISCUSSION 
This study provides mechanistic insight into a debilitating side 
effect of cancer radiation therapy. Previous mechanistic analyses 
of radiation-induced fatigue have suggested roles for systemic in-
flammation, in which an association was observed between cytokine 
levels and fatigue in some studies (38, 39), but not others (40). Ad-
ditional research has suggested that radiation-induced fatigue may 
arise from the emotional and psychological toll of having cancer 
(41); however, a correlation between the presence of clinical 
anxiety or depression and fatigue has not been consistently ob-
served (40). While the current study suggests a role for radiation- 
induced production of β-endorphin as a contributor to fatigue, it 
is plausible that the clinical syndrome involves combinatorial influ-
ences of these and other mechanisms. 

The fact that mice do not display fatigue in a tail irradiation 
model is expected and does not contradict previous observations 
(42–45), as this model was used not to explain a unifying mecha-
nism behind radiation-induced fatigue but to demonstrate a previ-
ously unidentified skin-specific mechanism contributing to fatigue, 
which can be reliably measured in rats. Certainly, there are multiple 

mechanisms contributing to fatigue in both humans and animal 
models. Previous studies investigating peripheral irradiation in 
mice investigate a likely different mechanism that is supported by 
(i) different irradiation protocols and (ii) the different kinetics of 
development of fatigue-like behavior. 

Most papers published on peripheral irradiation target the lower 
abdominal or pelvic area of mice, not focusing on the tail, which is 
external to the body cavities and internal organs. This is an impor-
tant distinction as the other studies involve proportionally much 
less skin (and therefore proportionally less activation of this 
pathway) and much more soft tissue and abdominal/pelvic organ 
involvement (and proportionally more of their tissue damage). 
The differential tissue involvement suggests potentially different 
mechanisms contributing to fatigue. Previously, peripherally secret-
ed cytokines have been suspected to mediate the central fatigue-like 
effects after irradiation (46–48), which we believe explains why 
these different models of irradiating significant non-skin tissue 
might cause fatigue-like behavior in mice, independently of skin- 
endorphin synthesis. Our method focused on a skin-specific mech-
anism that may play a more minimal role in the pelvic/abdomen/ 
brain irradiation models. 

It is possible that lower doses could also trigger endorphin ele-
vation and fatigue development, most likely necessitating longer 
monitoring. There are likely to be interesting considerations that in-
fluence the threshold for clinical fatigue. We believe that these ques-
tions warrant further human studies. However, some studies done 

Fig. 4. Radiation-induced Straub tail and elevated nociceptive thresholds depend on β-endorphin and on keratinocyte-specific p53 expression. (A) Mechanical 
(von Frey assay) and (B) thermal (hot plate assay) analgesic thresholds in β-endorphin wild-type and β-endorphin–null mice over 5 weeks of tail radiation (5 Gy/day) 5 
days/week. (C) Straub tail was observed starting 3 weeks after irradiation in β-endorphin wild-type mice, but not in mock-treated or β-endorphin–null mice. (D) β-En-
dorphin and (E) thermal analgesic threshold (hot plate assay) elevations are absent in p53fl/fl mice expressing Cre under the keratinocyte-specific promoter K14 but are 
present in p53fl/fl mice with no Cre. Mice were treated weekly with tail radiation (5 Gy/day) 5 days/week. (F) Straub tail was absent in K14Cre;p53fl/fl mice, but was present 
in p53fl/fl mice after 3 and 4 weeks of the tail radiation regimen described in (D) and (E). Error bars in the figure indicate ±SEM. Two-way ANOVA with the Holm-Šídák 
multiple comparisons tests revealed significant differences between the groups that are indicated above the graphs. 
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in human previously suggested a skin surface area–dependent 
nature of fatigue-like behavior (8), which is in line with our obser-
vations that skin-derived signal mediates fatigue-like behavior. 

The kinetics of fatigue-like behavior in other models also differ 
from our model as they use more limited numbers of radiation 
doses within a short time frame (days), and the fatigue-like behavior 
is observed quite rapidly within days of the last radiation (42, 44), 
unlike in our model and in most human contexts. Our rat model 
phenocopies human fatigue, as the symptoms do not start right 
away, but after a delay of a few weeks, which is consistent with the 
kinetics of endorphin level buildup in the serum that we observed. 
The different kinetics of developing fatigue-like behavior further 
argues that different mechanisms are responsible for fatigue-like be-
havior in the various irradiation models, and therefore, the previous 
observations regarding fatigue-like behavior in mice do not contra-
dict our findings. Our results complement previous studies with an 
additional skin-specific mechanism that previously was not appre-
ciated—only suspected based on correlation of irradiation surface 
area and severity of fatigue symptoms in humans (8). While 
human studies are still needed to further validate the mechanism 
identified here, many key aspects of the pathway have previously 
been demonstrated in both human and rodent skin including UV 
induction of p53, POMC, and β-endorphin (12, 13). Additional var-
iables regulating plasma endorphin levels (circadian rhythm, stress-
ors from blood draw, and UV exposure) might make it difficult to 
measure radiation-induced endorphin elevations in the plasma in 
man, similar to UV radiation (13). However, the behavior effects 
of opioid blockade might reverse the effects of chronic opioid sig-
naling, similar to the observed effects of naloxone in frequent 
tanners where, despite the lack of demonstrated endorphin eleva-
tion upon tanning (49, 50), naloxone has been shown to elicit be-
havior effects (51, 52). 

Fatigue-like symptoms have been measured by running wheel 
(18), treadmill (19), and open-field (17, 53–58) experimental 
methods. While all three assays are potential indicators of fatigue, 
we used open-field actimetry as a measure of fatigue-like behavior 
because it does not require individual housing of the animals and 
permits numerous measurements over multiple weeks (the time 
frame over which plasma elevations of β-endorphin occur). 

The studies reported here have used a variety of genetic models 
to elucidate the underlying mechanism connecting ionizing radia-
tion to up-regulation of plasma β-endorphin. We observed that the 
cutaneous response to ionizing radiation requires p53 function 
within keratinocytes, similar to what was previously observed 
after UV radiation (12, 13). This pathway appears to be evolution-
arily conserved and is present in rats and humans as well. It is also 
responsible for the UV-tanning response (12) and the addiction- 
like effects of UV radiation (13). Here, we extend previous studies 
and demonstrate that ionizing radiation triggers keratinocyte-spe-
cific, p53-regulated β-endorphin synthesis, which promotes multi-
ple opiate behaviors that are preventable by opiate antagonism. In 
conclusion, mice, rats, and humans have identical cutaneous DNA 
damage responses that lead to very similar opioid phenotypes after 
UV and ionizing radiation. The only established known difference 
among these species lies in the central opioid response; this species- 
specific difference in response between mice and rats has been pre-
viously explored and mechanistically explained (23). 

Previously, the role of cancer cells and cell death–induced 
changes in fatigue-like behavior has been investigated (59). Some 

studies have implicated the role of cytokines released by cancer 
cells in promoting fatigue in rodents and in humans (38, 39), but 
in some, there was no evidence for the role of systemic inflammation 
(40). Our data do not contradict these studies; rather, they highlight 
the importance of skin-derived endorphin synthesis that is indepen-
dent of cancer cell death. We hypothesize that, when patients with 
cancer undergo radiation therapy, multiple mechanisms can 
operate simultaneously, with each contributing to fatigue-like be-
havior. Tumor cells may also express POMC (60, 61); however, 
their role in regulating behavior warrants further investigation. 
Here, we attempted to decouple cancer-derived signals from skin- 
derived signals, because of previous observations that the exposed 
skin area is correlated with the development of fatigue. Our study 
has identified skin-derived endorphin to play a role in mediating 
fatigue-like behavior, independent of cancer cell–derived signals. 

The observation that acute peripheral opioid receptor blockade 
was not able to prevent fatigue-like behavior suggests that peripheral 
p53 and peripherally synthetized β-endorphin ultimately act 
through the central nervous system (CNS). The chronic peripheral 
irradiation might gradually increase peripheral endorphin levels 
that might directly increase central opioid signaling despite their 
low blood-brain barrier permeability. Alternatively, peripheral en-
dorphin synthesis could possibly activate the CNS indirectly 
through dorsal root ganglia neurons. In that case, the chronic β-en-
dorphin signaling would involve peripheral opioid receptors, whose 
acute blockade is not sufficient to reverse the chronic activation of 
CNS opioid signaling. However, it is also possible that there are al-
ternative targets of p53 in keratinocytes that contribute to central 
opioid signaling. 

The precise mechanism through which β-endorphin may induce 
sedation is uncertain, but it is notable that UV radiation also ele-
vates circulating β-endorphin (13) and has been associated with 
fatigue (albeit anecdotally, e.g., a “day at the beach”). While sedation 
associated with exogenous opiates may be accompanied by other 
symptoms not observed in the radiation fatigue syndrome, it is plau-
sible that endogenous β-endorphin may not phenocopy these 
agents. Opioid-mediated inhibition of the hypothalamic-pitui-
tary-adrenal axis has been implicated in the pathophysiology of 
chronic fatigue syndrome (62), although this point remains 
debated (63) and inconclusive given small sample sizes in reporting 
studies. 

We would also like to highlight the importance of validation of 
the work with human studies. Although technically challenging, it 
would be advantageous to confirm that irradiation exposure raises 
β-endorphin in humans to a level similar to UV irradiation and also 
that radiation-induced DNA damage may lead to fatigue. These 
studies could further the evidence that a single pathway triggered 
by different stimuli (UV and irradiation) may lead to the same be-
havioral phenotype. Note that in humans UV exposure has been as-
sociated with greater levels of outdoor activity, extended life 
expectancy, and decreases in multiple causes of mortality indepen-
dently of vitamin D (64), so the mechanistic extrapolation of these 
preclinical results to the human scenario will be important. 

This study highlights a potential therapeutic strategy: the use of 
naloxone or other opioid antagonists for pharmacologic treatment 
or prevention of radiation-induced fatigue in certain cancer pa-
tients. Although we used naloxone in the study to investigate the 
role of opioid signaling in multiple end points shortly after injec-
tions, naltrexone might be a better choice clinically because of its 
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longer duration of action and oral administration. Patients who 
require opiates for pain management would not be recommended 
for such treatment, but the use of opioid antagonist agents such as 
naltrexone is anticipated to be a relatively benign pharmacologic in-
tervention in patients without such specific contraindications. For 
otherwise functional cancer patients limited by radiation therapy– 
induced fatigue, opioid antagonism might potentially offer a safe 
and beneficial means to improve quality of life and activity levels 
during radiation therapy. Future studies will be required to evaluate 
potential safety and efficacy of such an approach in the clinic. 

METHODS 
Animals 
All mice used were 8-week-old males in a C57BL/6 background, 
with the exception that 8-week-old female C57BL/6 mice (The 
Jackson Laboratory, Bar Harbor, ME) were used in the Straub tail 
test described in Fig. 2 (D and E) and fig. S4. In addition, we used 
mice lacking the C-terminal end of the POMC polyprotein because 
of a mutation in both copies of the POMC gene, resulting in lack of 
β-endorphin (37), to test for changes in pain thresholds with tail 
radiation. To ablate keratinocyte-specific p53 expression, mice 
with floxed alleles of p53 (65) were crossed with a strain expressing 
Cre recombinase driven by the keratin 14 promoter (66). Through-
out the study, we compared −/− animals to +/+ animals, as on 
certain backgrounds the +/− phenotype does not fully recapitulate 
the +/+ phenotype. Generating litters containing both −/− and +/+ 
genotypes in sufficiently high numbers was unfortunately not fea-
sible throughout the study; therefore, littermate controls were not 
used in this study. Experiments were blinded when possible. 

For open-field actimetry experiments using rats, 8-week-old 
male Sprague-Dawley rats (The Jackson Laboratory, Bar Harbor, 
ME) were used. All animals were maintained on a 12-hour light/ 
12-hour dark cycle and were acclimated to the vivarium for at 
least 1 week before starting experiments. All animal experiments 
were performed in accordance with institutional policies and Insti-
tutional Animal Care and Use Committee–approved protocols. 

Animals that suffered injuries that precluded them from provid-
ing data points were not included in any measurements. This com-
prised 8 animals out of nearly 200 total. Separately, one mouse was 
noticed to exhibit a freezing behavior following morphine injection, 
which appeared to represent a potentially misplaced injection. The 
values for this mouse in open-field testing suggested it to be an 
outlier by the ROUT test; thus, it was excluded (fig. S2). All exper-
iments were performed with approval from the Massachusetts 
General Hospital Institutional Animal Care and Use Committee. 

Irradiators 
Mouse tail irradiation was performed using the Gammacell 40 
Exactor with a Cs-137 radiation source (MDS Nordion). Rat tail ir-
radiation was performed using a Siemens Stabilipan 2 irradiator op-
erating at 250 kVp with a Half-value layer of 0.4-mm Cu and a dose 
rate of 1.89 Gy/min, or a Precision x-ray 225-kVp unit with 0.5-mm 
Cu and a dose rate of 2.07 Gy/min. Tube output was regularly mon-
itored, and x-ray dosimetry is traceable to standards by the National 
Institute of Standards and Technology. 

Tail irradiation and blood draws 
Mice were placed in a lead restrainer custom made to protect the 
heads and bodies of the mice from radiation, with tails protruding 
from a designated hole for the tails (the lead shield minimal wall 
thickness was 1.9 cm). Animals underwent ionizing radiation (5 
Gy/day) to the tail 5 days/week (Monday to Friday) for 6 weeks. 
For rat tail irradiation, separate custom-made lead restrainers 
were made (wall thickness was 0.635 cm), each with a rear hole 
for tail protrusion, and animals underwent tail x-irradiation (2 
Gy/day), 5 days/week (Monday to Friday) for 6 weeks. Individual 
irradiation did not last for more than 2 min to minimize restraint 
and to prevent immobilization stress, which was not observed, as 
evidenced by the lack of endorphin alterations in the mock- 
treated groups. 

Mock-irradiated animals were restrained by the same restrainers 
as the irradiated animals and placed in the irradiator for the same 
amount of time as when the radiation would be administered, but 
without the irradiator running. Then, they were removed and placed 
back in their cages. This way, we helped to ensure that all animals 
experienced the same environment (and potential stress) during 
handling and the radiation procedure. 

For blood draws, animals were placed in a species-specific stan-
dard restrainer and 100 μl of blood was collected from the tail vein 
into EDTA-containing microvette tubes with 0.6 Trypsin Inhibitory 
Unit (TIU) of aprotinin. For certain experiments, blood was taken 
submandibularly. Samples were immediately placed on ice after col-
lection. Samples were centrifuged at 3500 rpm for 20 min at 4°C, 
and plasma was collected into separate tubes and stored at −80°C 
until measurement of β-endorphin. Blood was collected once per 
week on Fridays in the morning before tail irradiation for the day. 
β-Endorphin was measured by radioimmunoassay (Phoenix Phar-
maceuticals). We have validated that the kit does not show any 
signal in samples obtained from β-endorphin knockout mice. 

Straub tail measurement 
Straub tail was measured as previously described (21). The scoring 
system was a scale of 0 to 2 based on the rigidity and angle of tail 
elevation from horizontal (0, relaxed tail and no elevation; 1, tail 
rigid and elevated up to 10°; 1.5, tail rigid and elevated 11° to 45°; 
and 2, tail rigid and elevated 46° to 90°). For mice, individual Straub 
tail values were obtained by averaging six Straub score measure-
ments taken in 60 s. Straub tail score was calculated similarly for 
rats, with the slight modification of obtaining individual values by 
averaging three measurements in 30 s. 

Analgesic threshold testing 
Mice underwent mechanical threshold testing in the von Frey test 
(67) and the hot plate test (68) as previously described. In the von 
Frey test, animals were placed on an elevated wire mesh grid in in-
dividual enclosures and acclimated for 30 min. The plantar surface 
of each left hind paw was poked 10 times with fibers calibrated to 
deliver specific pressures. Increasing pressures were delivered until 
2 of 10 responses of paw flinching, fluttering, or licking in response 
to a poke. In the hot plate test, animals were placed on a 52°C plate 
surrounded by Plexiglas walls, and time to a response was measured. 
Responses included paw licking or fluttering, jumping, or attempt 
to escape the enclosure. 

Animals underwent this testing twice weekly in the morning. In 
select experiments, mice were injected intraperitoneally with 
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naloxone hydrochloride (10 or 1 mg/kg) (Sigma-Aldrich, St. Louis, 
MO) or with normal saline before the acclimation period. 

Open-field actimetry 
Eight-week-old Sprague-Dawley rats underwent open-field actime-
try testing. Testing was carried out during the light cycle between 8 
a.m. and 7 p.m. Groups were randomized to avoid any batch effect, 
i.e., all groups were equally likely to be tested in morning/afternoon 
hours. The apparatus consists of a 17″ × 17″ chamber with Plexiglas 
walls and an open top, equipped with three 16-beam arrays that 
detect motion and a computer that calculates distance traveled 
based on breaks in the beams (Med Associates, St. Albans, VT). 
Animals underwent actimetry testing once weekly. For experiment 
displayed in Fig. 1, animals were injected intraperitoneally with 
either naloxone hydrochloride (10 mg/kg) or normal saline and 
then acclimated to the chamber for 30 min before testing. Data col-
lected were distance traveled (centimeters) in 30 min. 

For experiments displayed in fig. S1, 2 Ethovision XT 9 was used 
to analyze the open-field measurements. For experiment shown in 
fig. S1, animals were injected with either methylnaltrexone (5 mg/ 
kg) or saline and then were kept in their home cages for 30 min. 
Then, animals were tested for 30 min in the chamber. 

Statistics 
Prism 8.0 was used for statistical analyses. Repeated-measures two- 
way analysis of variance (ANOVA) with the Holm-Šídák multiple 
comparisons test was used to analyze the experiments, as well as a 
two-tailed, unpaired t test (Fig. 1C) and ordinary one-way 
ANOVA (Fig. 2E). 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S4  

View/request a protocol for this paper from Bio-protocol. 
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