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ARTICLE INFO ABSTRACT

Aims: Electric lighting is beneficial to modern society; however, it is becoming apparent that light at night (LAN)
is not without biological consequences. Several studies have reported negative effects of LAN on health and
behavior in humans and nonhuman animals. Exposure of non-diabetic mice to dim LAN impairs glucose toler-
ance, whereas a return to dark nights (LD) reverses this impairment. We predicted that exposure to LAN would
exacerbate the metabolic abnormalities in TALLYHO/JngJ (TH) mice, a polygenic model of type 2 diabetes
mellitus (T2DM).

Materials and methods: We exposed 7-week old male TH mice to either LD or LAN for 8-10 weeks in two separate
experiments. After 8 weeks of light treatment, we conducted intraperitoneal glucose tolerance testing (ipGTT)
followed by intraperitoneal insulin tolerance testing (ipITT). In Experiment 1, all mice were returned to LD for
4 weeks, and ipITT was repeated.

Key findings: The major results of this study are i) LAN exposure for 8 weeks exacerbates glucose intolerance and
insulin resistance ii) the effects of LAN on insulin resistance are reversed upon return to LD, iii) LAN exposure
results in a greater increase in body weight compared to LD exposure, iv) LAN increases the incidence of mice
developing overt T2DM, and v) LAN exposure decreases survival of mice with T2DM.

Significance: In conclusion, LAN exacerbated metabolic abnormalities in a polygenic mouse model of T2DM, and
these effects were reversed upon return to dark nights. The applicability of these findings to humans with T2DM
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needs to be determined.

1. Introduction

Exposure to light at night (LAN) is pervasive in urban regions, as
well as in many rural settings. A recent atlas of light pollution indicates
that approximately 50% of the United States is exposed to at least dim
levels of LAN [1]. The invention of electric lighting allowed for ex-
tended daytime, and thus more time for human productivity. However,
it is becoming apparent that exposure to LAN is not without con-
sequences [2-4].

Physiology and behavior is intimately tied with the 24-h solar day
via the circadian system [5,6]. The major vertebrate circadian clock is
in the suprachiasmatic nucleus (SCN) of the hypothalamus, but most
peripheral tissues also maintain circadian rhythmicity, synchronized by
the SCN [7,8]. A molecular network in the SCN responds to light re-
layed by intrinsically photosensitive retinal ganglion cells (ipRGCs),
ensuring coordination with the light cycle [9,10]. Aberrant light can

disrupt entrainment of the molecular clock and dysregulate circadian
rhythms [11].

Consequences of exposure to LAN are becoming better understood
through laboratory studies. LAN is implicated in the exacerbation of
many cancers, mood disorders, obesity, and metabolic abnormalities
[3,4,12]. Mice exposed to 51x of LAN for 4 weeks, a level similar to a
nightlight approximately 3 m away, increased body weight compared
with mice housed in dark nights [11]. Mice also developed impaired
glucose tolerance when exposed to LAN (51x) [13]. When these mice
were returned to dark nights, glucose tolerance returned to baseline.
Thus, metabolic activity can be altered by even dim levels of LAN.

Impaired glucose tolerance, along with insulin resistance and hy-
perglycemia, is a characteristic of type 2 diabetes mellitus (T2DM)
[14,15]. Since 1980 the prevalence of T2DM has nearly quadrupled
[16,17]. Nearly 9.3% of the U.S. population has T2DM [16], and recent
estimates suggest that 1/3 of Americans born after 2000 will develop
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Fig. 1. Timeline of metabolic tests conducted during experiments 1 and 2. LD = 14 h light (1501x):10h dark (01x); LAN = 14 h light (1501x):10 h dim (40 1x);
ipGTT = intraperitoneal glucose tolerance test; ipITT = intraperitoneal insulin tolerance test.

T2DM in their lifetime [18]. T2DM is associated with an array of sec-
ondary complications including vision loss, pregnancy complications,
mental health issues, kidney disease, increased risk for stroke and hy-
pertension, and degeneration of peripheral nerves [19], and it more
than doubles the risk of cardiovascular disease [20]. T2DM also in-
creases the risk for early mortality and morbidity [21]. The estimated
total cost of T2DM and related complications was $327 billion in total
medical costs, lost work and wages in 2017 [22], thus T2DM is a major
public health concern that promises to worsen.

The precise cause for T2DM remains unknown, but it likely involves
an interaction between genetic predisposition and environmental fac-
tors such as high calorie diets, excess weight, and inactivity [23-25].
Because exposure to LAN alters key characteristics of T2DM, we pre-
dicted that exposure to LAN would exacerbate metabolic abnormalities
of the disease. To assess this, we exposed a population of TALLYHO/
JngJ (TH) mice, a polygenic model of T2DM, to either dark nights or
LAN (40 Ix), and measured body weight, glucose tolerance, and insulin
resistance. Forty lux is a common night-time exposure level in humans
and comparable to a television or tablet screen at night [26,27].

2. Materials and methods

Six-week old male TALLYHO/JngJ mice (TH) were purchased from
The Jackson Laboratory (Bar Harbor, ME). TH mice are an inbred,
polygenic model of T2DM and develop many characteristics that mimic
human T2DM including hyperglycemia, hyperinsulinemia, hyperlipi-
demia, moderate obesity, and enlargement of the islets of Langerhans
[28-32]. The TH mouse strain originated from two outbred Theiler
Original mice that spontaneously developed polyuria and glucosuria.
The research colony was established by selective breeding for hy-
perglycemia (29). The phenotype is < 100% penetrant, and only male
TH mice manifest diabetes. According to the documentation provided
by Jackson Laboratory, the T2DM phenotype develops between weeks
10 and 14 of age. Thus, mice were exposed to LAN during the time these
mice develop this phenotype. Upon arrival, mice were housed in light-
controlled chambers at The Ohio State University. Following 1 week of
habituation, at seven weeks of age, mice were weighed, fasting (4 h)
blood glucose was tested, and they were assigned to two groups with
equivalent body weight and blood glucose concentrations (n = 11/
group in experiment 1, n = 18/group in experiment 2). Mice were
tagged via ear-punch, group-housed (3-4/cage) and assigned to one of
two lighting regimens: LD = 14h light (1501x):10h dark (01x) or
LAN = 14 h light (1501x):10 h dim (40 Ix). All other housing conditions
remained constant. Forty lux of light was used because it is a common

exposure level in humans and similar to the amount of light given off by
electronic devices at night [26,27]. Mice had access to food (Harlan
Teklad 8640; Madison, WI, USA) and filtered tap water ad libitum, ex-
cept where noted below. Body weight was measured once per week at
the same day and time throughout the experiments. All procedures had
prior approval of The Ohio State University Institutional Animals Care
and Use Committee, and mice were maintained in accordance with the
recommendations of the National Institutes of Health and The Guide for
the Care and Use of Laboratory Animals. This study was conducted as two
treatment-balanced experiments. The first experiment was to establish a
physiological phenotype and to reverse the phenotype by replacing the
LAN-exposed mice back into dark nights. The second experiment was to
increase sample size (based on the penetrance of the disease in ex-
periment 1) and to collect tissues following light exposure.

2.1. Experiment 1

After 4 weeks in light treatments, an intraperitoneal glucose toler-
ance test (ipGTT) was conducted following a 6h fast. Initial fasting
blood glucose concentrations were measured via the tail vein of each
mouse using a Contour glucose meter (Bayer). Dextrose (1 g/kg;
Hospira) was then administered to each mouse by intraperitoneal in-
jection, and glucose concentrations were measured 15, 30, 60, 90, and
120 min following injection. Mice were then returned to their re-
spective lighting conditions. After 8 weeks in light treatments, mice
were fasted overnight (16 h), and the ipGTT was repeated. Mice were
again returned to their respective lighting conditions, and following
2 days of recovery, mice were fasted for 4h, and an intraperitoneal
insulin tolerance test (ipITT) was conducted. Initial fasting blood glu-
cose concentrations were measured for each mouse, followed by an
intraperitoneal insulin (2 U/kg; Humalin R, Eli Lilly) injection. Blood
glucose concentrations were measured 30, 60, 90, and 120 min fol-
lowing injection. After 2 additional weeks in LAN, mice were moved
into the LD chamber. All mice were housed in LD conditions for
4 weeks, at which time an ipITT, the most direct method of testing for
insulin resistance, the dominant pathogenic mechanism of T2DM, was
repeated, and the mice were euthanized (Fig. 1). All ipGTTs and ipITTs
were conducted between 9:00 and 13:00, the last 4 h of the light phase.

2.2. Experiment 2
After 4 weeks in light treatments, an ipGTT was conducted fol-

lowing a 6 h fast. Mice were then returned to their respective lighting
conditions. Eight weeks after beginning light treatments, the mice were
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fasted overnight, and 16-h fasting blood glucose concentrations were
measured. After allowing the mice to recover for 2 days, an ipITT was
conducted following a 4 h fast (Fig. 1). Mice were removed from the
study if they lost > 20% of their initial body mass or displayed sickness
behaviors (i.e., hunched posture, decreased grooming, etc.).

2.3. Statistical analyses

Mice with a fasting (16h) blood glucose concentration over
200 mg/dL were considered to have overt T2DM (experiment 1: n = 10;
experiment 2: n = 27). This definition was based on previous literature
[28,31-36]. Body weight, ipGTT, and ipITT results are reported for
mice with overt T2DM. The prevalence of T2DM in each experiment
was calculated. Mice that expired prior to the 16-h fast were included in
the T2DM group because they were all in the top range of blood glucose
concentrations measured at 4 weeks.

Change in body weight was calculated each week as a percentage of
each mouse's initial body weight, and the mean change was compared
between LD and LAN. Body weight was compared using a 2-way
ANOVA followed by a Dunn-Sidak test for multiple comparisons. All
ipGTT and ipITT results were analyzed by calculating the area under
the curve (AUC) for each individual mouse, and the mean AUC was
calculated for LD and LAN groups. If the AUC results met the assump-
tions of parametric testing, then a student's 2-tailed t-test was used. If
the AUC results did not meet the assumptions of parametric testing, the
nonparametric Mann-Whitney test was used to compare groups. Fasting
glucose concentrations were analyzed using a 2-way ANOVA with ex-
periment number and light treatment as main effects, followed by
multiple student's t-tests. Survival data were analyzed using the log-
rank test, and the disease prevalence was analyzed with Fisher's exact
test. Results were considered significantly different if p < 0.05, and all
results are reported as a mean and standard deviation (SD). All statis-
tical analyses were conducted using JMP Pro 13 (SAS) and GraphPad
Prism 7.

3. Results
3.1. Experiment 1

The change in body weight over the first 11 weeks of light treatment
was compared between mice housed in LD or LAN. There was a sig-
nificant difference between treatment groups (p = 0.048), over time
(p < 0.001), and there was also a significant interaction between time
and light treatment (p < 0.001, n = 22). At week 5, mice housed in
LAN (113.7, SD 5.8) gained significantly more weight than mice housed
in LD (102.0, SD 5.0, p = 0.002). Also, after 10 weeks, mice housed in
LAN (108.4, SD 4.7) had gained significantly more weight than mice
housed in LD (99.6, SD 2.6, p = 0.04) as a percent change from baseline
(Fig. 2a). The change in body weight from weeks 11-15, the period of
time mice originally housed in LAN were moved to dark nights, was
significantly changed over time (p = 0.006), however there was no
difference between treatment groups (p = 0.27), and there was no in-
teraction effect (p = 0.89, Fig. 2a).

After 4weeks in light treatments, mice housed in LAN (n = 6)
tended to have a larger AUC during ipGTT compared with mice housed
in LD (n = 4), but the differences were not statistically significant
(p = 0.11). However, after 8 weeks in light treatments, mice housed in
LAN had a larger AUC during ipGTT compared with mice housed in LD
(p = 0.03, n = 4 (LD) and 6 (LAN), Fig. 2b). Additionally, mice housed
in LAN had a larger AUC during ipITT compared with mice housed in
LD (p = 0.03, Fig. 3a). Following 4 weeks of light reversal to dark
nights, mice originally housed in LAN no longer differed from mice that
were housed in LD for the entire duration of the experiment (p = 0.64,
n = 4 (LD) and 6 (LAN), Fig. 3b).
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Fig. 2. Metabolic phenotype of mice in experiment 1. A) Percent change in
body mass of Tallyho/JngJ mice housed in either dark nights (LD) or light at
night (LAN) for 11 weeks (2-way ANOVA by treatment, p = 0.048; time,
p < 0.001, and treatment X time interaction, p < 0.001). At weeks 5
(p = 0.002) and 10 (p = 0.04), mice housed in LAN gained significantly more
weight than mice housed in LD (Dunn-Sidak Post Hoc Test). After 11 weeks, the
LAN group was moved to LD through week 15. There was a significant effect of
time on body weight (p = 0.006), but no significant differences in the percent
change in body mass between light treatments (p = 0.27) or a significant in-
teraction (p = 0.89; 2-way ANOVA) (n = 22). B) Glucose concentration as a %
of baseline concentration during an intraperitoneal glucose tolerance test. The
area under the curve was significantly higher for mice housed in LAN for
8 weeks compared with mice housed in LD (student's t-test; p = 0.03). Error
bars represent the standard deviation of the mean, n = 4 (LD) and 6 (LAN).

3.2. Experiment 2

There was a significant difference in the change in body weight over
time between light treatments (p < 0.001) and over time (p < 0.001),
but no significant interaction between time and light treatment
(p = 0.19, Fig. 4a). The percentage of weight gain was higher in mice
housed in LAN at weeks 1, 2, 3, 5, and 8 compared with mice housed in
LD. At week 1, mice housed in LAN (112.1, SD 4.5) gained significantly
more weight than mice housed in LD (103.9, SD 3.28, p = 0.01). At
week 2, mice housed in LAN (110.7, SD 6.2) gained significantly more
weight than mice housed in LD (103.2, SD 4.1, p = 0.03). At week 3,
mice housed in LAN (113.3, SD 6.7) gained significantly more weight
than mice housed in LD (105.04, SD 4.7, p = 0.01). At week 5, mice
began to lose weight, but mice housed in LAN (109.5, SD 7.0) continued
to weigh significantly more than mice housed in LD (101.6, SD 4.6,
p = 0.03). At week 8, mice housed in LAN (105.5, SD 10.3) also
weighed significantly more than mice housed in LD (95.2, SD 10.5,
p = 0.02, Fig. 4a).

After 4 weeks in light treatment, there were no differences between
mice housed in LD (n = 10) and LAN (n = 17) in the ipGTT (p = 0.56).
After both 4 weeks (p < 0.001) and 8 weeks (p = 0.01), the mice used
in experiment 2 had higher fasting glucose concentrations compared
with mice used in experiment 1 (Fig. 4b and c). In experiment 2, after
8 weeks, mice housed in LAN (n = 10) had higher fasting glucose
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Fig. 3. Glucose concentration as a % of baseline concentration during an in-
traperitoneal insulin tolerance test in experiment 1. A) The area under the curve
was significantly higher for mice housed in LAN for 9 weeks compared with
mice housed in LD (student's t-test; p = 0.03). B) The area under the curve was
not significantly different between mice housed in LD throughout the duration
of the experiments and mice housed in LAN, followed by 4 weeks of light re-
versal (student's t-test; p = 0.73). Error bars represent the standard deviation of
the mean, n = 4 (LD) and 6 (LAN).

concentrations than mice housed in LD (n = 7) (p = 0.01, Fig. 4c).
More mice met endpoint criteria and were euthanized early or had early
mortality when housed in LAN compared with LD (p = 0.007). After
8.5 weeks, 33.33% of mice housed in LAN survived, whereas 77.8% of
mice housed in LD survived (Fig. 4d). The mice that had early mortality
had significantly higher fasting (6h) blood glucose concentrations
(578.5, SD 29.5) after 4 weeks in light treatment than mice that sur-
vived the duration of the experiment (401.2, SD 138.9, p = 0.0003).
Additionally, the number of mice that developed T2DM was greater
when housed in LAN. In experiment 1, the number of mice to develop
T2DM was not significantly different from mice housed in LD (Fig. 4e).
However, in experiment 2, the number of mice to develop T2DM when
housed in LAN was significantly higher than the number of mice to
develop T2DM when housed in LD (p = 0.008, Fig. 4e).

4. Discussion

The major findings of the current study in a rodent model of T2DM
are: i) LAN exposure for 8 weeks exacerbates glucose intolerance and
insulin resistance, ii) the effects of LAN on insulin resistance are re-
versed upon return to LD, iii) LAN exposure results in a greater increase
in body mass compared to LD exposure, iv) LAN increases the incidence
of mice developing overt T2DM, and v) LAN exposure decreases sur-
vival of mice with T2DM. This study represents an essential next step in
understanding the metabolic effects of LAN as non-diabetic mice were
previously shown to develop impaired glucose tolerance when exposed
to LAN [13]. To our knowledge, this is the first study that examines the
metabolic consequences of LAN exposure in a rodent model of T2DM.

Characteristics of T2DM include hyperglycemia, impaired glucose
tolerance, and insulin resistance [14,15]. TH mice housed in LAN
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developed more severe hyperglycemia than mice housed in dark nights.
Although this effect was not significant after 8 weeks in experiment 1,
with increased sample size (experiment 2), the effect was statistically
significant. Blood glucose concentrations in male C57BL/6J mice fasted
overnight are typically under 100 mg/dL [28], but definitions of hy-
perglycemia and T2DM in mice vary among sources. Hyperglycemia
has been defined as a non-fasting blood glucose concentration >
250 mg/dL [29] and with an average overnight fasting blood glucose
concentration of 163 mg/dL in another study [33]. T2DM was defined
as a non-fasting glucose concentration between 300 and 400 mg/dL
[28], overnight fasting levels > 300 mg/dL [34], a 6-h fasting blood
glucose > 250 mg/dL [35], and > 200 mg/dL [36]. Here, T2DM was
defined as a fasting (16 h) blood glucose concentration over 200 mg/dL
based on these previous studies and glucose concentrations in this
specific population of mice. Male TH mice typically develop hy-
perglycemia around 10 weeks of age, and the severity increases with
age [28]. However, because the phenotype is not 100% penetrant, the
presence and incidence of hyperglycemia varies among the population.
Among the mice used here, some remained normoglycemic, with a
fasting blood glucose concentration under 100 mg/dL. A second group
had elevated fasting blood glucose concentrations, between 100 and
200 mg/dL, and a third group developed overt T2DM, with fasting
blood glucose concentrations over 200 mg/dL. A greater proportion of
mice developed overt T2DM when housed in LAN, suggesting exposure
to LAN raises blood glucose concentrations and increases the risk of
developing T2DM in a susceptible population.

Hyperglycemia develops when insulin secretion can no longer
compensate for insulin resistance. Thus, insulin resistance is the
dominant pathogenesis mechanism of T2DM [37,38], and is the earliest
defect [39]. After 8 weeks in LAN, mice with T2DM had increased re-
sistance to insulin. In experiment 1, mice originally housed in LAN were
placed into LD conditions for 4 weeks. Returning the mice to dark
nights was sufficient to restore insulin tolerance to a similar level as
mice housed in LD, strongly supporting LAN as the causative factor and
suggesting the phenotype might be reversible. In experiment 2, severely
hyperglycemic mice had early mortality, and thus accurate insulin re-
sistance testing in this group of mice could not be conducted. However,
these mice were more hyperglycemic when housed in LAN, thus, con-
sidering insulin resistance is the mechanism underlying hyperglycemia,
it is likely these mice were insulin resistant as well. The severity of
hyperglycemia was greater and the onset was earlier in the experiment
2 mice compared with experiment 1. Although hyperglycemia and
glucose intolerance in male TH mice is consistent, the onset and extent
varies considerably among litters [32]. A cohort of TH male mice
housed at Jackson Laboratories had earlier onset of hyperglycemia than
the 10-12 weeks reported in literature [31]. Additionally, glucose in-
tolerance was not evident until after puberty, around 8 weeks of age, in
one study [28], but another study reported mild glucose intolerance at
only 4 weeks of age [44]. It is commonly understood that most forms of
T2DM follow a polygenic inheritance, and the pathologic pathways that
underlie the disease are different among affected individuals [23,24].
Thus, despite variability among studies, pathogenesis of T2DM in TH
mice closely simulates that of human T2DM [31].

Glucose tolerance reflects the ability to regulate blood glucose le-
vels. Humans with impaired glucose tolerance are at the highest risk of
developing T2DM [40,41]. Impaired glucose tolerance is caused by a
decrease in glucose transport and metabolism in muscle and adipocytes
[42,43]. In experiment 1, TH mice with T2DM had greater impairment
of glucose tolerance when housed in LAN. The ipGTT results in ex-
periment 2 were restricted because the upper limit of the glucose meter
was 600 mg/dL. After 4 weeks in lighting conditions, the fasting glucose
concentrations were elevated and thus plateaued during the ipGTT after
glucose injection. However, it is probable that without this limitation,
the mice in experiment 2 would have had significantly impaired glucose
tolerance after just 4 weeks of LAN treatment, similar to the glucose
intolerance in experiment 1 after 8 weeks.
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Fig. 4. A) Percent change in body mass of Tallyho/JngJ mice housed in either dark nights (LD) or light at night (LAN) for 8 weeks (2-way ANOVA by treatment,
p < 0.0018;time, p < 0.001, and treatment X time interaction, p = 0.19). Mice housed in LAN gained significantly more weight than mice housed in LD at weeks 1
(n =10 (LD) and 17 (LAN), p = 0.01), 2 (p = 0.03), 3 (p = 0.01), 5 (p = 0.03), and 8 (n = 7 (LD) and 7 (LAN), p = 0.02) (Dunn-Sidak Post Hoc Test) in experiment

2. B) After 4 weeks in light treatments, mice used in experiment 2 had higher fasting

blood glucose than the mice used in experiment 1 (student's t-test, p < 0.001).

C) After 8 weeks in light treatments, mice used in experiment 2 had higher fasting blood glucose than mice used in experiment 1 (student's t-test, p = 0.04), and in
experiment 2, mice housed in LAN had higher fasting blood glucose than mice housed in LD (student's t-test, p = 0.01). D) In experiment 2, survival was impaired for

mice housed in LAN compared with mice housed in LD (log-rank test, p = 0.007). E)
developed type 2 diabetes mellitus compared with mice housed in LD (Fisher's exa
n = 18/group at the beginning of the experiment.

An unintended result of experiment 2, likely due to severe hy-
perglycemia in this group of mice, was that survival was impaired.
Although loss of mice was present in both LD and LAN groups, impaired
survival was significantly greater when mice were housed in LAN.
Additionally, the mice that died early were more severely hypergly-
cemic after 4 weeks of light treatment compared with mice who sur-
vived. Although, to our knowledge, decreased survival in TH mice have
not been previously reported in the literature, early mortality is
common in other diabetic mouse models such as the commonly studied

In experiment 2 and in both experiments combined, more mice housed in LAN
ct test, p = 0.0008). Error bars represent the standard deviation of the mean,

leptin receptor-deficient C57BLKS/J-Lepr®®/Lepr® mouse. These mice
display early mortality as hyperglycemia progresses [31]. The TH mice
in this study displayed polyuria, which likely led to dehydration or
hyperosmolar coma [34]. The effect of LAN on survival in mice with
T2DM needs to be confirmed in future studies.

T2DM is considered a disease of chronic, systemic inflammation
[45]. Increased circulating inflammatory markers such as IL-6 and C-
reactive protein (CRP) are associated with the development of T2DM
[46], and circulating TNFa and IL-6 concentrations positively correlate
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with insulin resistance [47,48]. In rats, in vivo administration of human
recombinant IL-6 induced gluconeogenesis, hyperglycemia, and hy-
perinsulinemia [49]. Although we could not test for inflammatory
markers in our experiments (due to light reversal in experiment 1 and
the loss of the severely affected half of the mice in experiment 2, which
limited our statistical power and skewed any results to a less severe
phenotype), there are compelling arguments supporting inflammation
as a possible mechanism of increased T2DM severity due to LAN ex-
posure. Increased body fat in humans increases inflammation and is
likely involved in T2DM pathogenesis [15,45,48]. Obesity is linked to
an imbalance of homeostatic and proinflammatory immune responses.
Several inflammatory effector proteins derive from adipose tissue in-
cluding TNFa, IL-6, IL-1p, leptin, adiponectin, resistin, and acylation-
stimulating protein [50]. Furthermore, IL-6 and TNFa production in-
crease with increased adiposity [51]. Activation of inflammatory
pathways in adipose tissue and the brain can alter metabolic home-
ostasis over time and dysregulate physiological responses that maintain
insulin and leptin sensitivity [52]. Although the precise mechanism of
obesity-related insulin sensitivity remains unclear, it appears that
within adipose tissue, TNFa phosphorylates and deactivates insulin
receptor (IR) and insulin receptor substrate 1 (IRS-1) [50,53]. Low in-
sulin receptor substrate 1 (IRS1) expression and protein levels have
been associated with the development of insulin resistance in humans
[54] and mice [30]. Stress and inflammatory response pathways, which
can be activated by free fatty acids, are key signaling mechanisms
through which IRS1 can be phosphorylated at Ser307 [55,56]. LAN has
been previously implicated in increasing body weight in mice [13,57],
and indeed, TH mice housed in LAN gained significantly more body
weight over time compared with mice housed in LD. Furthermore, re-
versing the light treatment eliminated the difference in body weight
concomitant with restoring insulin sensitivity to a similar level as mice
housed in LD. Taken together, LAN could lead to insulin resistance and
exacerbated metabolic dysregulation via obesity-induced inflammatory
pathways This mechanism warrants further investigation.

Although circadian rhythms were not measured here, LAN has been
previously implicated in circadian dysregulation. Mice housed in con-
stant light become arrhythmic and have increased body mass
[13,58,59] Although dim LAN (5 Ix) does not necessarily alter circadian
locomotor activity [60], it is sufficient to alter circadian temperature
rhythms [61] and suppress rhythmic expression of clock genes in the
SCN [11,62]. Likewise, 5 Ix of light impairs glucose tolerance, increases
carbohydrate over fat oxidation, decreases whole body energy ex-
penditure, and increases body mass without altering food intake [61].
Circadian dysregulation induces peripheral inflammation [63,64]. Al-
though there is limited information regarding peripheral inflammation
and LAN-induced circadian dysregulation, exposure to just 51x of LAN
for 4 weeks was sufficient to increase expression of Macl and TNFa in
white adipose tissue of Swiss-Webster mice in one study [57]. Whether
LAN increases inflammation and directly exacerbates metabolic dys-
function, or LAN increases body mass, which in turn increases in-
flammatory processes and exacerbates T2DM metabolic characteristics
remains to be determined.

5. Conclusion

In conclusion, metabolic dysfunction was exacerbated in TH mice
when housed in 40 Ix of LAN. Although the precise mechanism remains
unknown, it is likely that increased inflammation from circadian dys-
regulation, increased body weight, or a combination of both increases
insulin resistance, characteristic of T2DM. In humans, worsening of
T2DM metabolic dysfunction would also increase the likelihood of de-
veloping secondary complications of the disease, thus negatively af-
fecting quality of life. Exposure to LAN also increased the prevalence of
T2DM in a susceptible population (i.e. polygenic TH mice). Thus, ex-
posure to LAN may also be an important consideration for humans with
pre-diabetes. Reducing LAN exposure while sleeping could be a cost-
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effective method to reduce metabolic dysfunction in patients with pre-
diabetes or T2DM. Further studies are required to clarify the transla-
tional potential of this research to human populations.
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