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Artificial light at night (ALAN) is a pervasive circadian rhythm disruptor. Exposure
to ALAN is associated with detrimental effects on physiology and behavior,
including disrupted metabolism, immune function, endocrine function, and
pain behavior. Given the detrimental effects of ALAN and other circadian
rhythm disruptors on pain, we sought to understand how ALAN may alter the
progression and severity of diabetic neuropathy. To do this, we used a previously
reported high-fat diet and streptozotocin injection protocol to induce a type II
diabetic phenotype in ~8 week old female and male mice and then exposed the
mice to either control or ALAN lighting conditions in 14:10 h light-dark cycles for
4 weeks. Male mice housed in control conditions exhibited reduced
responsiveness to cold pain; in contrast, ALAN blunted this effect in male
mice. ALAN exposure also elevated blood glucose and altered body mass loss
in male mice. These effects were not present in female mice. The results of this
study highlight the need to consider and study ALAN exposure and sex as a
biological variable as risk factors in the treatment and mitigation of pain.
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1 Introduction

Circadian rhythm disruption is a pervasive and nearly ubiquitous aspect of modern
human life. Circadian rhythms are intrinsic biological processes that rhythmically fluctuate
with a period of about 24 h; they are set to precisely 24 h each day by exposure to light
during the circadian day (Vitaterna et al., 2001). These rhythms govern many aspects of
behavior and physiology, including pain behavior (Segal et al., 2018; Palada et al., 2020;
Bumgarner et al., 2021) and metabolic function. Circadian rhythms are aligned to the
external environment primarily via solar light-dark cycle cues, and the synchronization of
these rhythms with the external rhythmic environment of the Earth is crucial for health
(Vitaterna et al., 2001; Patke et al., 2020).

Artificial light at night (ALAN) is one of the most pervasive disruptors of circadian
rhythms (Falchi et al., 2016). ALAN exposure is directly associated with several detrimental
health, physiological, and behavioral effects in humans and other animals, including
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elevated inflammation and obesity (Bumgarner and Nelson, 2021;
Walker et al., 2021; Muscogiuri et al., 2022). Importantly, our recent
work demonstrated that exposure to ALAN can exacerbate pain
behavior in male mice after as few as four nights of exposure
(Bumgarner et al., 2020). Other forms of circadian rhythm
disruption are also associated with exacerbated pain behavior,
including night shift work and sleep deprivation (Mun et al.,
2022). Because of the intertwined relationship between circadian
rhythms and pain, it is important to understand the effects of ALAN
on pain beyond the context of typical states of health.

Type II diabetes (T2DM) is estimated to affect over 500 million
adults worldwide, representing 10.5% of the adult human
population (Robertson et al., 2022). Moreover, T2DM is
estimated to represent ~98% of global diabetes diagnoses. A
large-scale epidemiological study recently reported that ALAN
exposure is positively correlated with T2DM risk (Xu et al.,
2023). ALAN can impair metabolic function, for example, by
reducing insulin and glucose tolerance and elevating circulating
free fatty acids and triglycerides (Russart and Nelson, 2018; Fleury
et al., 2020; Mason et al., 2020). Work from our lab recently
demonstrated that exposure to ALAN can exacerbate the
progression of diabetes in a polygenic mouse model of T2DM
(TALLYHO mice) (Russart et al., 2019).

Beyond themetabolic consequences of this disease, it is currently
estimated that around 50% of individuals with T2DM will develop
diabetic neuropathy at some point in their lives (Feldman, 2018;
Feldman et al., 2019). This extends the risk potential for the effects of
ALAN beyond metabolism.

In this study, we hypothesized that ALAN exposure exacerbates the
progression of diabetic neuropathy in female andmale mice in a mouse
model of T2DM. Diabetes was induced per the protocol previously
reported (Nath et al., 2017); then, mice were exposed to dim ALAN
(5 lux) for 4 weeks. We predicted that ALAN exposure would
exacerbate the progression of diabetes and diabetic neuropathy.

2 Materials and methods

2.1 Animals

Adult female and male Swiss Webster (CFW) mice (Charles
River Laboratories) were obtained at 7–8 weeks of age and given
1 week to acclimate to standard vivarium conditions (14:10 h light:
dark, i.e., overhead room lights on for 14 h and off for 10 h; lights off
at ZT12; 150 ± 25:0 lux, 22°C ± 2°C; 12.0 × 6.5 × 5.5” polycarbonate
cages). Following arrival, mice were housed in groups of five per
cage. After the acclimation period, mice were singly housed, and the
experiment began. Reverse osmosis water and food were provided
ad libitum throughout the duration of the experiment. All studies
were approved by theWest Virginia University Institutional Animal
Care and Use Committee, and animals were maintained in
accordance with NIH Animal Welfare guidelines.

2.2 T2DM induction

To induce diabetes, we followed a previously published
protocol (Nath et al., 2017). For 5 weeks starting at the onset of

the experiment, mice were given ad libitum access to a high fat diet
(21.0% protein, 24.6% carbohydrate, 54.4% fat per kilocalorie;
TD.07011, Envigo). The high fat diet was replaced every 2 days
between ZT03-05. At the beginning of the fourth week of the
experiment, mice were given a series of five i. p. injections of
40 mg/kg of streptozotocin (STZ; ICN10055701, Fisher). STZ was
prepared daily immediately before injections by dissolving STZ in
0.1M citrate buffer pH 4.5 at a concentration of 10 mg/mL.
Injections were administered during the light phase between
ZT03-05. After the 5 week T2DM induction period, glucose
measurements were measured from tail vein blood using a
Countour Next 7,377 glucometer and Contour Next
7,278 glucose strips between ZT10-12. Following glucose
measurements, animals were pseudorandomly assigned to either
LD or ALAN conditions to ensure an even distribution of animals
with glucose levels above/below 200 mg/dL between groups. Body
mass (g) was recorded weekly throughout the study starting at the
beginning of the T2DM induction protocol. At the conclusion of
the experiment, all animals were diabetic based on the 200 mg/
Dl cutoff.

2.3 ALAN conditions

After the 5 weeks of T2DM induction, animals were
separated into either LD or ALAN housing conditions (n =
15 animals per group). Both groups were maintained in 14:
10 light-dark cycles with 150 ± 25:0 lux during the day. ALAN
animals were exposed to 5 ± 1 lux of ALAN during the 10-h dark
phase. The ALAN sources were Luma5 Standard LED light strips
(1.5 W/ft, 5000K “cool white”, peak wavelength of 455.0 nm;
centroid wavelength of 563.0 nm; RGB Ratio: R = 18.7% G =
76.1% B = 5.2%; Hitlights Inc.). Lux calibrations were conducted
by placing a Mavolux 5023C illuminance meter (Gossen) with
the light sensor facing toward the ceiling in the center of an
empty prepared cage (bedding, nesting, water bottle, and food;
no animal). Animals remained in either LD or ALAN conditions
for a total of 4 weeks.

2.4 Behavioral testing

Pain behavioral testing consisted of a cold plate and electric von
Frey testing. Baseline pain behavioral measurements were taken
1 day before the onset of ALAN/LD experimental housing
conditions after the T2DM induction. Pain behavior was then
assessed after 2 and 4 weeks of experimental housing conditions.
All behavioral testing was conducted during the light phase between
ZT03-06. Animals were given a minimum of 30 min to acclimate to
the behavioral suite prior to testing. All experimenters conducting
behavioral testing were blinded to the experimental condition of the
animals. Experimental groups were distributed randomly across the
testing period as a result of the pseudorandomization above to avoid
batch effects.

Cold plate testing (IITC Life Science Inc.) was performed at 0.5 ±
1.0 C°. Mice were gently placed onto the cold plate, and a stopwatch
was started as soon as their hind paws touched the plate. Two
observers watched for any sign of nocifensive response, which
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included hind paw shakes/extended withdrawals/licking, jumping,
or squeaking (Deuis et al., 2017). As soon as the first nocifensive
response was observed, the latency to response was recorded and the
animal was promptly removed from the plate. Animals were
removed from the plate after an ethical cutoff threshold of 90 s if
no responses were observed.

Electric von Frey testing (Bioseb) was conducted using opaque
chambers (80 × 115 × 145 mm; Bioseb) on top of a wire mesh table
(Bioseb). Mice were given 15 min to acclimate to the chambers
before the onset of testing. Testing was conducted in a series of four
rounds, where the wire tip of the electric von Frey was slowly pressed
upwards on the plantar surface of a consistent hind paw of each
mouse. Themaximum force needed to elicit a response was recorded
as the mechanical withdrawal threshold. Responses to the von Frey
were defined as paw lifts, paw shakes, or jumping. The withdrawal
thresholds from the four rounds were averaged to produce a final
threshold score for each animal at each time point. Reductions in
maximum withdrawal threshold were correlated with mechanical
allodynia (Martinov et al., 2013).

2.5 Statistical analyses

All data were analyzed using two-way repeated measures
ANOVAs (time, lighting condition, and sex as factors). A
priori planned multiple comparisons were conducted using
Fisher’s LSD. All data presented in the figures are presented
from raw data recordings. All analyses were conducted using
Prism 9.5.1. An alpha of 0.05 was used as the cutoff for statistical
significance.

3 Results

3.1 ALAN elevates glucose in male, but not
female T2DM mice

After 4 weeks of exposure to ALAN, male mice exhibited
elevated blood glucose levels (Figure 1A; p < 0.05) with a
significant interaction between lighting condition exposure and
time (p < 0.05; F2,56 = 4.615). There was no significant effect of
ALAN exposure on female blood glucose at any time point. At the
final time point, there was no difference in the distribution of
animals that were considered diabetic per the defined cutoff level.
There was a main effect of time on blood glucose levels in both male
(Figure 1A; p < 0.05; F2,56 = 98.03) and female mice (Figure 1C; p <
0.05; F2,56 = 114.1) from the conclusion of the T2DM induction and
the onset of the experimental lighting condition housing.

3.2 ALAN alters body mass loss in T2DM

A main effect of lighting condition (p < 0.05; F1,28 = 5.165) and
an interaction between lighting condition and time (p < 0.05; F4,112 =
3.325) on body mass were observed in male mice (Figure 1B). When
examining individual time point differences, ALAN and LD body
masses only differed at weeks one and three in male mice (Figure 1B;
p < 0.05). An interaction between lighting condition and time on
body mass was observed in female mice (Figure 1D; p < 0.05; F4,112 =
2.741), but no individual time points were significantly different (p <
0.05). A main effect of time was observed in both male (p < 0.05;
F2,56 = 124.9) and female mice (p < 0.05; F2,56 = 156.3), indicating a

FIGURE 1
ALAN elevates blood glucose and alters body mass loss. Blood glucose levels following the onset of experimental housing in either ALAN or LD
conditions (A,C). The percent change in body mass following the onset of experimental housing (B,D). n = 15. All data are represented as mean ± SEM.
Enclosed 0–Interaction between Lighting Condition and Time; enclosed 1–Main effect of Time; enclosed 2–Main effect of Lighting Condition. *p < 0.05.
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loss in body mass following the conclusion of the T2DM induction
protocol. Lastly, there was a significant effect of the T2DM induction
protocol on bodymass in bothmale (Supplementary Figure S1A; p <
0.05; F5,140 = 406.8) and female mice (Supplementary Figure S1B; p <
0.05; F5,140 = 229.7).

3.3 ALAN alters cold neuropathy in male, but
not female T2DM mice

Male mice exposed to ALAN for 4 weeks exhibited reduced
cold plate withdrawal latencies relative to the LD diabetic male
mice (Figure 2A; p < 0.05). This difference coincided with a
significant interaction between lighting condition and time (p <
0.05; F2,56 = 4.109). When considering within-group changes in
cold plate withdrawal latencies, the male ALAN mice had no
significant changes in cold plate withdrawal thresholds at week
four relative to baseline (Figure 2A; p > 0.05). In contrast, male
LD mice exhibited elevated withdrawal thresholds at week four
relative to their baseline measurements (Figure 2A; p < 0.05).
There was a main effect of time on cold plate withdrawal latencies
in male mice (Figure 2A; p < 0.05; F2,56 = 6.358). No effect of
ALAN was observed on cold plate withdrawal thresholds in
female mice, but both LD and ALAN female mice had
elevated cold plate withdrawal latencies at week four relative
to their baseline measurements (Figure 2C; p < 0.05) with a main
effect of time (p < 0.05; F2,56 = 6.767).

3.4 ALAN did not alter mechanical
withdrawal thresholds in T2DM mice

ALAN did not affect mechanical withdrawal latencies in female
or male mice (Figures 2B, D; p > 0.05). There was a main effect of
time on mechanical withdrawal thresholds in male mice (Figure 2B;
p < 0.05; F2,56 = 3.713), indicating a progression of hypoesthesia
following the conclusion of the T2DM induction. This effect was not
present in females.

4 Discussion

This study sought to understand the effects of ALAN exposure
on the progression of diabetic neuropathy in a mouse model of
T2DM. Mice first were exposed to a multi-week high-fat diet and
low-dose series of streptozotocin to induce a T2DM phenotype
based on a previously validated protocol (Nath et al., 2017). Male
mice exposed to LD conditions exhibited reduced responsiveness to
noxious cold stimuli relative to male ALAN counterparts at the
conclusion of the study. Male mice also exhibited elevated blood
glucose at the conclusion of the study, and ALAN blunted the loss of
body mass in male mice at various time points throughout the study.
In contrast, a stark sex difference was observed for each examined
metric. ALAN had no observable effects on pain behavior or blood
glucose in female mice, but it did alter female body mass loss
following T2DM induction.

FIGURE 2
ALAN alters cold plate responsiveness in male T2DM mice. Cold plate withdrawal latencies (A,C), and von Frey mechanical withdrawal thresholds
(B,D) of female and male mice following the onset of experimental housing. n = 15. All data are represented as mean ± SEM. Enclosed 0–Interaction
between Lighting Condition and Time; enclosed 1–Main effect of Time; enclosed 2–Main effect of Lighting Condition. *p < 0.05.
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In humans, diabetic peripheral neuropathy progression can
vary, but generally, nociceptive large-diameter thinly myelinated
Aδ fibers and small-diameter unmyelinated C fibers are first
affected, leading to a period of hyperalgesia and allodynia. As the
neuropathy progresses and the nociceptive Aδ and C fibers continue
to degenerate, larger diameter myelinated Aβ fibers also begin to
degenerate, ultimately leading to numbness, hypoalgesia, and loss of
sensation (O’Brien et al., 2014). The progression of diabetic
neuropathy in mice is not as robustly characterized. Two studies
reported a progression of hypoesthesia (reduced sensitivity to
innocuous touch) and hypoalgesia following T2DM induction,
but not hypersensitivity (De Gregorio et al., 2018; Sasajima et al.,
2022). It is possible that the initial phase of hypersensitivity was not
replicated in these studies due to the acute period of T2DM
induction. In contrast to the absence of hypoesthesia in female
mice in this study, another study reported long-term allodynia using
the same T2DM induction protocol as this study, although their
study examined female C57BL/6 mice (Castañeda-Corral
et al., 2021).

The difference in cold plate withdrawal latencies in male mice
exposed to ALAN could be interpreted in two separate ways. One
may consider that ALAN led to the development of cold
hypersensitivity in male mice relative to the LD counterparts. In
contrast, one might consider that ALAN did not induce a state of
hypersensitivity, but instead delayed the onset of hypoalgesia that
was noted in male LD mice. Distinguishing between these two
perspectives would require a follow-up study that tested pain
behavior more frequently and for longer periods of time to
examine the progression of pain behavior. Further insight into
the underlying mechanisms behind this effect would require
additional examinations, including the assessment of peripheral
inflammation and nerve conduction velocity.

In this experiment, sex differences in the effect of ALAN on
changes in metabolic and behavioral phenotypes were observed.
These differences may be explained by underlying sex differences in
circadian rhythm biology or the effects of circadian rhythm
disruption. Indeed, there are numerous sex differences in
circadian rhythms, including the function of the immune,
metabolic, and endocrine systems (Munyoki et al., 2022; Walton
et al., 2022). Moreover, there are sex differences in the metabolic
consequences of circadian rhythm disruption, including the effects
of ALAN (Masís-Vargas et al., 2019; Rumanova et al., 2020),
simulated shift work (Qian et al., 2019), and jet lag (Feliciano
et al., 2019), demonstrating precedence for the observed sex
differences in this study. However, further experiments will be
required to confirm the sex differences found in this study and if
verified to identify underlying mechanisms.

The observed sex differences in pain behavior and metabolic
phenotypes in this study may be further explained by underlying sex
differences in diabetes or diabetic neuropathy (Abraham et al., 2018;
Kautzky-Willer et al., 2023). Numerous metabolic risk factors for
T2DM present differently between men and women, including
glucose and insulin sensitivity, hormonal regulation of
metabolism, and hypertension (Kautzky-Willer et al., 2016;
Kautzky-Willer et al., 2023). There are few reports on sex
differences in diabetic neuropathy, but some sex differences have
been reported. Neuropathy appears to present earlier in men than
women (Aaberg et al., 2008; Kamenov et al., 2010), whereas one

study reported that women with diabetic polyneuropathy report
higher pain intensities (Abraham et al., 2018). There is minimal
preclinical research on sex differences in diabetic neuropathy. One
study using a diet-induced ‘pre-diabetes’ state reported no sex
differences in pain behavior (Elzinga et al., 2021). In all, there is
minimal documented evidence of the underlying mechanisms that
lead to sex differences in diabetic neuropathy. We propose that the
sex differences observed in this study likely are a result of underlying
differences in either the progression of neuropathy following the
diabetes induction protocol or the underlying sex differences in the
effects of ALAN exposure.

In conclusion, exposure to ALAN exacerbates cold pain
behavior and blood glucose levels in male mice, but not female
mice, and ALAN altered the loss of body mass following T2DM
induction. Further experimentation will be required to understand
the underlying mechanisms behind the pain-related consequences
of ALAN and the observed sex differences. In addition, follow-up
work might seek to assess these effects at different time points
throughout the day, given the above noted circadian variations in
pain behavior. These results highlight the continuing need to
consider circadian rhythms, the mitigation of circadian rhythm
disruption, and sex as a biological variable in the treatment and
management of pain.
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