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Epidemiological evidence suggests that there is a link between diabetes and
mood disorders, such as depression and anxiety. Although peripheral or central
inflammation may explain this link, the molecular mechanisms are not fully
understood and few effective treatments for diabetes or mood disorders are
available. In the present study, we aimed to determine whether transforming
growth factor (TGF)-f2, an anti-inflammatory substance, might represent a
potential therapeutic agent for diabetes-related mood behaviors. TGF-32
expression in the hippocampus is affected by anxiolytic drugs and stress
exposure, it is able to cross the blood-brain barrier, and it is as an exercise-
induced physiological adipokine that regulates glucose homeostasis. Therefore,
we hypothesized that a chronic TGF-B2 infusion would ameliorate diabetes-
related glucose intolerance and mood dysregulation. To determine the effects
of the chronic administration of TGF-B2 on diabetes, we implanted osmotic
pumps containing TGF-B2 into type 2 diabetic mice (db/db mice), and age-
matched non-diabetic control wild type mice and db/db mice were infused
with vehicle (PBS), for 12 consecutive days. To assess anxiety-like behaviors and
glucose homeostasis, the mice underwent elevated plus maze testing and
intraperitoneal glucose tolerance testing. Hippocampal and perigonadal
visceral white adipose tissue perigonadal white adipose tissue samples were
obtained 12 days later. Contrary to our hypothesis, TGF-f2 infusion had no
effect on diabetes-related glucose intolerance or diabetes-related behavioral
defects, such as inactivity. In db/db mice, the expression of inflammatory
markers was high in pgWAT, but not in the hippocampus, and the former
was ameliorated by TGF-B2 infusion. The expression of brain-derived
neurotrophic factor and neuronal nitric oxide synthase, important regulators
of anxiety-like behaviors, was low in db/db mice, but TGF-B2 infusion did not
affect their expression. We conclude that although TGF-B2 reduces the
expression of pro-inflammatory markers in the adipose tissue of diabetic
mice, it does not ameliorate their obesity or mood dysregulation.
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Introduction

Obesity is becoming increasingly prevalent worldwide and
predisposes people toward systemic metabolic diseases, such as
type 2 diabetes (T2D). T2D is associated with complications in
both the peripheral and central nervous system (CNS)
(McCrimmon et al, 2012). In particular, epidemiological
evidence has suggested that there is a close link between T2D
and mood disorders. Being overweight, even in the absence of
T2D, is associated with low hippocampal volume, which is
important for mood regulation (Cherbuin et al, 2015).
Patients with T2D have high incidences of several anxiety and
affective disorders (7-123% higher than those of healthy,
community-dwelling adults) (Fisher et al,, 2008), and mood
disorders, such as major depressive disorder (MDD), are
present in a quarter of people with T2D (Semenkovich et al.,
2015). However, the mechanisms underlying diabetes-related
mood behaviors are still poorly understood, because of the
complex bidirectional relationship between these disorders,
and there are few effective treatments (Semenkovich et al., 2015).

Animal studies have shown that db/db mice, which a model
of T2D, show abnormal behaviors, including depression-like or
anxiety-like behaviors (Dinel et al., 2011; Liu et al., 2017; Fourrier
etal, 2019; Zhang et al., 2019). Brain-derived neurotrophic factor
(BDNF) in the hippocampus is important for mood regulation
(Hashimoto et al., 2004) and its expression is low in db/db mice
(Dinel et al., 2011; Shima et al., 2017; Wosiski-Kuhn et al., 2018).
It has been shown that hippocampal BDNF expression is
regulated by molecules including neuronal nitric oxide
synthase (nNOS, encoded by NosI) in the hippocampus
(Stanquini et al., 2018). The results of several previous studies
have suggested that peripheral or central inflammation may
the low BDNF in T2D. Chronic

inflammation, involving high serum tumor necrosis factor «

explain expression
(TNF-a) concentrations, accompanies large subcutaneous and
visceral adipocytes (Winkler et al., 2003), and is associated with
insulin resistance and T2D in both humans and rodents
(Coppack, 2001; Lumeng and Saltiel, 2011; Wada et al., 2013).
However, in the CNS, including the hippocampus, there have
been conflicting findings regarding the expression of pro-
inflammatory markers, such as TNF-a and interleukin (IL)-
6 in db/db and diet-induced obese mice (Lavin et al., 2009;
Dinel et al., 2011; Liu et al., 2017; Fourrier et al., 2019).
Transforming growth factor (TGF)-p is a widely expressed
multifunctional growth factor that is also anti-inflammatory
(Yoshimura et al, 2010). Three isoforms (TGF-$1, TGF-f2,
and TGF-f3) have been identified in mammals. All three are
present in the CNS, and TGF-f2 is the most abundant. Notably,
the mRNA expression of TGF-f2 is higher in the hippocampus
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than in the cortex, striatum, brain stem, and cerebellum
(Unsicker et al, 1991). Hippocampal Tgfb2 is an anxiolytic
drug-responsive gene (Lee et al, 2010): its expression is
increased by anxiolytic drugs (Lee et al., 2010) and reduced by
chronic, mild, unpredictable stress in a mouse model of
depression (Grassi et al, 2017). In hippocampal neurons,
TGE-B2 also acutely regulates synaptic plasticity and activates
cAMP response element-binding protein (CREB) (Fukushima
et al., 2007), an upstream regulator of BDNF (Conti et al., 2002).
In a recent study, it was shown that TGF-[2 is a physical exercise-
induced adipokine that improves the glucose homeostasis of
high-fat diet (HFD)-fed obese mice (Takahashi et al., 2019).
TGE-B2, but not TGF-B1, can cross the blood-brain barrier
(Kastin et al.,, 2003; McLennan et al., 2005); thus, circulating
TGE-P2 can affect the peripheral nervous system and directly
access the CNS. Therefore, in the present study, we aimed to
determine whether chronic TGF-B2 infusion ameliorates the
glucose intolerance and behavioral deficits of db/db mice. In
addition, we aimed to determine the effects of TGF-B2 infusion
on hippocampal BDNF, its upstream molecules, and the
expression of genes encoding pro-inflammatory proteins in
db/db mice.

Materials and methods
Animals

Five-week-old male db/db (BKS.Cg-m+/+Lepr®/Jcl) and
age-matched control wild type (WT) mice were purchased
from CLEA (Tokyo, Japan). The number of mice used was
determined by reference to previous studies (Bruchas et al.,
2009; Tomiga et al, 2020). The mice were housed in an
accredited animal facility that was maintained at a constant
temperature (23.8 + 0.2°C) and humidity (50.4 £ 1.9%), with
a 12-h light/dark cycle, and were provided food and water ad
libitum. The experiments were approved by the Saga University
Animal Care and Use Committee (approval number: 1707075)
and conducted in accordance with the regulations on animal
experimentation at Saga University.

Osmotic pump infusion of TGF-32 in vivo

After 1 week of acclimatization, two mice were placed into each
cage, to avoid social isolation, and cage-mates were not changed
during the experiment. Chronic TGF-B2 infusion was performed as
previously described (Takahashi et al., 2019). Briefly, the animals
were randomly allocated to three groups at 10 weeks of age: WT +
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vehicle; db/db + vehicle, and db/db + TGF-B2 groups. Under
isoflurane anesthesia (induction: 4%, maintenance: 2%), the mice
underwent surgery to implant Alzet mini-osmotic pumps (model
1002, Durect, Cupertino, CA, United States) subcutaneously. The
osmotic pumps were filled with recombinant TGF-{32 (8406LC, Cell
Signaling Technologies, Danvers, MA, United States) diluted in PBS,
or PBS alone for the WT + vehicle and db/db + vehicle groups. For
12 consecutive days, the mice received 12 ng TGF-f2 each per hour.
After euthanasia, the pumps were removed and the contents were
confirmed to have been completely discharged. The dose and
duration of treatment were those used in a previous study
(Takahashi et al.,, 2019).

Behavioral testing

We assessed anxiety-like behaviors using the elevated plus maze
(EPM) test, as previously described (Tomiga et al., 2021). The mice
were transferred to the testing room a minimum of 60 min prior to
each testing session. All the tests were performed between 11:00 and
14:00, during the light period (80-100 lux). Before each test, the
testing apparatus was thoroughly cleaned with 70% (v/v) ethanol
and dried to reduce olfactory cues. Briefly, the maze consisted of four
arms (each arm was 30-cm long and 5-cm wide) and was placed
40 cm above the floor. Two arms contained side and end walls that
were 15 cm high (the closed arms), and the other two arms had no
walls (the open arms). The behavior of the mice was recorded using
a video camera. The mice were placed in the center of the maze,
facing an open arm, and were then allowed to explore for 5 min.
Each arm entry, the resting time, and the time spent on slow and fast
movement were analyzed using Smart 3.0 software (Panlab,
Barcelona, Spain). The movement speed thresholds were defined
as 1) rest: < 2.50 cm/s; 2) slow movement: 2.50-15.00 cm/s; 3) fast
movement: >15.00 cm/s.

Glucose tolerance testing (GTT)

The mice were fasted for 15-16 h, with free access to drinking
water. Baseline blood samples were collected from the tails of
fully conscious mice, which were then intraperitoneally
administered glucose (1 g/kg). Fifteen, 30, 60, and 120 min
later, blood samples were collected from the tail and their
glucose concentrations were measured using a glucose meter
(Stat Strip XP3, Nipro, Osaka, Japan).

Tissue collection and weighing

The mice were euthanized at 12 weeks of age under isoflurane
anesthesia. Blood samples were obtained and serum was isolated by
centrifugation and frozen at -80°C until analyzed. The
hippocampus, perigonadal white adipose tissue (pgWAT), and
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subcutaneous white adipose tissue (scWAT) were rapidly
collected, and the tissues were placed in a tube containing RNA
stabilization solution (Thermo Fisher Scientific, Waltham, MA,
United States). The hippocampus and adipose tissue depots were
weighed using an analytical balance. The mass of the tube plus the
RNA stabilization solution was measured in advance, and the
hippocampal mass was calculated by subtraction. Adipose tissue
depots were rapidly weighed, and then portions of the pgWAT were
immersed in RNA stabilization solution. After overnight incubation,
the tissues were stored at —80°C for subsequent analysis. Because the
mice were housed in pairs, total food intake was calculated in grams
per cage per day (WT + vehicle: 6.085 + 0.305 g/cage/day; db/db +
vehicle: 11.79 + 0.025 g/cage/day; and db/db + TGF-f2: 12.42 +
0.29 g/cage/day.)

Serum insulin analysis

Serum insulin concentration was measured using an ELISA
kit Japan), the

manufacturer’s instructions.

(Morinaga, Kanagawa, according  to

Western blot

Protein lysates were prepared as described previously and

aliquots  containing 10ug protein  were separated by

electrophoresis on a 14.0% (w/v) sodium dodecyl sulfate
polyacrylamide gel and transferred to polyvinylidene fluoride
membrane (Millipore, Billerica, MA, United States) using the
semi-dry method (Tomiga et al,, 2021). After transfer, Ponceau S
staining (Beacle, Inc., Kyoto, Japan) was used to verify consistent
loading, and the membrane was blocked with 3% (w/v) skim milk at
room temperature for 1h. The membrane was then incubated
overnight at 4°C with the following primary antibodies: anti-
BDNF (1:1,000; Abcam, ab108319; Cambridge, United Kingdom),
which detects the precursor (proBDNF; 32 kDa) and mature
(15kDa) forms of BDNF, and anti-nNOS (#611852, BD
Biosciences, San Jose, CA, United States). The membrane was
then incubated with horseradish peroxidase-conjugated secondary
antibodies (Vector Laboratories, Burlingame, CA, United States) for
1 h. The bound antibodies were detected using SuperSignal™ West
Pico Plus Chemiluminescent Substrate (Thermo Fisher Scientific)
and analyzed using the Fusion-FX7 imaging system (Vilber Lourmat,
Marne-la-Vallée, France). Band densities were determined using
Image] software (NIH, Bethesda, MD, United States) and the
Ponceau S signal intensity was used as a loading control.

Gene expression analysis

Hippocampal tissue and pgWAT were homogenized using a
tissue homogenizer. RNA was extracted from the samples using a
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TABLE 1 Primers used for gene expression analysis.

Gene Sequence 5'-3’

Nosla reverse TCAAGGTTGACCAGGCAGACG

Bdnf forward TGGCCCTGCGGAGGCTAAGT
Bdnf reverse AGGGTGCTTCCGAGCCTTCCT
Tnfa forward CCACCACGCTCTTCTGTCT

Tnfa reverse GCTCCTCCACTTGGTGGTTT

116 forward TGATGCACTTGCAGAAAACA

116 reverse GGTACTCCAGAAGACCAGAGGA

TTGTTGCCCTCCTACAGACTGG
GTAAAGAGGGCGAAGGCAGCAA

Tgfb2 forward
Tgfb2 reverse

Gapdh forward AACGACCCCTTCATTGAC
Gapdh reverse TCCACGACATACTCAGCAC
Arbp forward CGGCCACGAACCTCTGTAG
Arbp reverse CTCATCCCCTGCCTTTGC

FastGene RNA Basic Kit (Nippon Gene, Tokyo, Japan). and assessed
for concentration and purity using a NanoDrop 2000 (Thermo
Fisher Scientific). The isolated RNA was then reverse transcribed to
cDNA using PrimeScript RT Master Mix (Takara Bio, Otsu, Japan).
qRT-PCR analyses were then performed using the QuantStudio
3 Real-Time PCR system (Applied Biosystems, Foster City, CA,
United States). The mRNA expression of NosIa and Bdnf (coding
region, exon IX) was quantified using SYBR Green Master Mix
(Applied Biosystems). The brain and pgWAT target gene expression
was normalized to that of Gapdh or Arbp mRNA and quantified
using the AACt method. All the samples were analyzed in duplicate.
The primer sequences are listed in Table 1.

Statistics

Data are presented as the mean + standard error (SE). Statistical
analyses were performed using Prism version 7.0 (GraphPad, San
Diego, CA, United States). One-way ANOVA, followed by
Bonferroni’s post-hoc test, was used to compare groups. Non-
parametric datasets were compared using the Kruskal-Wallis test.
Relationships between continuous variables were evaluated using
Pearson’s product-moment correlations. p < 0.05 was considered to
represent statistical significance.

Results

TGF-B2 infusion does not affect the body
mass gain or glucose tolerance of db/db
mice

The body and adipose tissue masses of the db/db mice were
significantly higher than those of the WT mice, but their
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hippocampal masses were similar (Figures 1A,B). In addition,
the db/db mice had high fasting serum insulin and blood glucose
concentrations and lower glucose tolerance than the WT mice
(Figures 1C-F). TGF-B2 administration did not affect these
parameters (Figure 1).

TGF-B2 infusion has no effect on the low
activity of db/db mice

To characterize the behavior of the db/db mice, we performed
EPM testing. Although there was no difference in the number of
open arm entries (Figure 2A), there were significantly fewer
closed arm entries (Figure 2B). This smaller number of closed
arm entries implies less anxiety-like behavior, but the total
number of open and closed arm entries was also lower in the
db/db mice (Figure 2C). In addition, the db/db mice spent more
time resting during EPM testing than the WT mice (Figure 2D).
Next, we analyzed the speed of movement of the mice in both the
open and closed arms. With respect to the open arms, there was
no difference in the time spent on slow movement among the
groups, but the db/db mice spent less time moving rapidly
(Figure 2E). With respect to the closed arms, the db/db mice
spent less time on both slow and fast movement (Figure 2F).
With respect to the combination of the open and closed arms, the
db/db mice spent less time moving both slowly and rapidly
(Figure 2G). However, there were no differences in these
parameters between the db/db + TGF-B2 group and the db/db
+ vehicle group. Thus, the low level of locomotor activity of the
diabetic mice was not ameliorated by TGF-p2 infusion.

TGF-B2 infusion reduces pro-
inflammatory marker expression in the
pgWAT but not in the hippocampus of db/
db mice

In pgWAT, the expression of genes encoding pro-inflammatory
molecules was significantly higher in the db/db + vehicle group than
in the control group; however, this expression was lower in the db/db
+ TGEF-B2 group (Figure 3A). There were no differences in the
expression of genes encoding pro-inflammatory molecules in the
hippocampus among the groups (Figure 3B). Hippocampal Tgfb2
mRNA expression was also unaffected by the db/db genotype or the
TGF-B2 infusion (Figure 3C).

TGF-B2 infusion does not alter the low
BDNF and nNOS protein and mRNA
expression of db/db mice

The hippocampal Bdnf mRNA expression was lower in the
db/db + vehicle and db/db + TGF-B2 groups than in the WT +
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FIGURE 1

TGF-B2 infusion has no effects on the body mass gain or glucose tolerance of db/db mice (A) Body mass (B) scWAT, pgWAT, and hippocampal
masses, (C) fasting serum insulin concentration (D) blood glucose concentration, (E) results of glucose tolerance testing, and (F) area under the
glucose curve (AUC) for WT, db/db + vehicle, and db/db + TGF-p2 mice. Data are presented as the mean + SE (n = 4/group). The dots represent
individual data points. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.

vehicle group (Figure 4A). The mRNA expression of the HFD-
responsive and anxiety-related gene Nosla was lower in db/db
mice than in control mice, but TGF-B2 infusion had no effect on
this (Figure 4A). Consistent with the mRNA data, TGF-p2
infusion did not affect the lower hippocampal BDNF and
nNOS protein levels found in the db/db mice (Figures 4B,C).
The expression of proBDNF in the hippocampus did not differ
among the groups (Figures 4B,C). The hippocampal BDNF and
nNOS protein levels negatively correlated with the pgWAT Tnfa
mRNA expression (Figures 5A,B), but not with the Il6 mRNA
expression (Figures 5C,D).

Discussion

Epidemiological studies have shown links between T2D and
mood disorders (Fisher et al., 2008; McCrimmon et al., 2012;
Cherbuin et al.,, 2015), and several studies have shown that
peripheral and central inflammatory signaling may explain
these links. Therefore, we aimed to determine whether the
anti-inflammatory cytokine TGF-B2 would ameliorate obesity,
glucose dyshomeostasis, and anxiety-like behaviors using a
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mouse model of T2D that was chronically infused with TGF-
2. The major findings of the study were as follows: 1) TGF-f2
ameliorated the abnormal expression of pro-inflammatory
markers in adipose tissue, but had no effects on the glucose
intolerance, anxiety-like behaviors, or low hippocampal BDNF
and nNOS expression of db/db mice; and 2) the hippocampal
BDNF and nNOS protein levels correlated with the expression of
the pro-inflammatory gene Tnfa, but not II6, in adipose tissue.

Contrary to our hypothesis, there were no marked effects of
TGF-B2 infusion on the glucose tolerance of db/db mice
(Figure 1). Although the effects of TGF-p2 in diabetes have
been studied in the context of complications, such as retinopathy
(Kita et al., 2007; Yang et al., 2010), its effects on diabetes and
glucose metabolism are poorly understood. Previously, TGF-p2
treatment was found to improve the glucose tolerance and insulin
sensitivity of HFD-fed obese mice (Takahashi et al., 2019), but
these effects were not identified in the present study. The reason
for this discrepancy is not readily apparent, but may be related to
differences in the signaling pathways mediating glucose uptake in
skeletal muscle in db/db and diet-induced obese mice (Halseth
et al,, 2002; Iglesias et al., 2002). Takahashi et al. demonstrated
that TGF-p2 normalizes the infiltration of macrophages into the
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FIGURE 2

TGF-p2 infusion has no effect on the low locomotor activity of db/db mice. Numbers of (A) open, (B) closed, and (C) total arm entries (D) Resting
time and time spent on slow and fast movement in the (E) open arms, (F) closed arms, and (G) both open and closed arms for the db/db + vehicle and
db/db + TGF-p2 mice. Data are presented as the mean + SE (n = 4/group). The dots represent individual data points. **p < 0.01; *p < 0.05.

adipose tissue of obese mice, and similarly, we have
TGEF-p2-induced
inflammatory gene expression in the pgWAT of db/db mice

demonstrated a reduction in  pro-
(Figure 3A). Therefore, in severe obesity, such as that present in
db/db mice, TGF-B2 treatment can reduce the degree of
inflammation, but might be insufficient to improve glucose
homeostasis. Ibuprofen, an anti-inflammatory drug, also has
no effect on blood glucose concentration in a model of type
1 DM (Qiao et al., 2015) or on the circulating concentrations of
pro-inflammatory markers, such as II-6 and II-1p, in db/db mice
(Fourrier et al., 2019). Thus, it may be possible that the
physiological effects of anti-inflammatory drugs are blunted in
diabetic model rodents.

The number of closed arm entries and the total number of
arm entries during EPM testing were significantly lower in db/db
mice (Figure 2). In general, a reduction in the number of closed
arm entries implies an amelioration of anxiety-like behaviors.
However, the total number of entries was also low, which
indicates lower locomotor activity, and it has been previously
shown that rodents with diabetes move around less (Hussain
et al,, 2019). A previous methodological study showed that the
total number of arm entries represents a useful index of anxiety-
like behaviors (Komada et al., 2008). Thus, the present findings
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might imply that db/db mice have significant anxiety, similar to
that described previously (Dinel et al., 2011; Fourrier et al., 2019).
This conclusion is supported by the larger amount of time that
db/db mice spent resting during EPM testing (Figure 2D). We
found that hippocampal pro-inflammatory marker gene
expression was not affected by the db/db phenotype or TGEF-
B2 treatment (Figure 3B). These findings suggest that central
inflammation might not occur in db/db mice and might not
contribute to their diabetes-related behavioral abnormalities.
Previously, it has been shown that hippocampal BDNF
and nNOS affect cognitive function, including mood-related
behaviors, in obesity (Molteni et al., 2002; Cai et al., 2016;
Tomiga et al., 2019). In the hippocampus, because the
selective inhibition of nNOS increases BDNF protein
levels, nNOS is considered to be an upstream regulator of
BDNF 2018). Diabetes
hippocampal function (Stranahan et al, 2008).

(Stanquini et al., impairs
The
present data suggest that BDNF and nNOS expression is
low at both the mRNA and protein levels in the
hippocampus of db/db mice. The low expression of BDNF
in db/db mice is consistent with the results of previous
studies of other mouse models of diabetes (Wosiski-Kuhn

et al., 2018; Hussain et al., 2019).
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FIGURE 3

TGF-p2 infusion reduces the expression of genes encoding pro-inflammatory molecules in pgWAT, but not in the hippocampus, of db/db mice.
Tnfa and /16 MRNA expression in the (A) pgWAT and (B) hippocampus (C) Hippocampal Tgfb2 mRNA expression in WT, db/db + vehicle, and db/db +
TGF-p2 mice. Data are presented as the mean + SE (n = 4/group). The dots represent individual data points. ***p < 0.001; *p < 0.05.
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and db/db + TGF-p2 mice. The Ponceau S signal intensity was used as a loading control for western blot analysis. Data are presented as the mean + SE
(n = 4/group). The dots represent individual data points. **p < 0.01; *p < 0.05.

BDNF is initially synthesized as a precursor, proBDNF, which
is subsequently cleaved to form mature BDNF. Patients with major
depressive disorders show low serum BDNF concentrations, while
their serum proBDNF concentrations are high (Jiang et al., 2017).
In a previous study, opposite trends were identified with respect to
BDNF and proBDNF, and corticosterone was shown to increase
hippocampal proBDNF expression, which negatively correlated
with the number of open arm entries (Lin et al., 2022). However,
we found that the proBDNF protein levels did not differ among the
groups in the present study. Because the mature BDNF protein
levels in the hippocampi of db/db mice were low, it is possible that
the proteolytic cleavage of proBDNF is impaired in the CNS in
severe obesity.
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In the present study, the diabetes-related behavioral
defects of the db/db mice were not ameliorated by the
TGF-p2 we hypothesized that
circulating  TGF-p2 and endogenous Tgfb2 expression
represent potential therapeutic targets for mood regulation.
Previously, it was reported that circulating TGF-f2, but not
TGF-P1, can cross the intact blood-brain barrier (Kastin
et al,, 2003; McLennan et al., 2005). TGF-B2 has been
shown to positively regulate synaptic plasticity and activate
CREB in hippocampal neurons (Fukushima et al., 2007). In
addition, Tgfb2 mRNA
upregulated by anxiolytic drugs (Lee et al, 2010) and
downregulated by chronic stress (Grassi et al., 2017).

treatment. Originally,

hippocampal expression is
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Hippocampal BDNF and nNOS protein levels correlate with pgWAT Tnfa mRNA expression, but not /l6 mRNA expression, in WT, db/db, and
TGF-B2 infused db/db mice. Correlations of pgWAT Tnfa mRNA expression with (A) hippocampal nNOS and (B) BDNF protein level. Correlations of
pgWAT /l6 mRNA expression with (C) hippocampal nNOS and (D) BDNF protein levelin WT, db/db + vehicle, and db/db + TGF-$2 mice. The lines on

the scatter plots show significant correlations (n = 4/group).

TGEF-P2 expression is increased by potassium chloride-
induced neuronal activity in cultured hippocampal neurons
(Grassi et al, 2017). In addition, running exercise increases
the circulating TGF-B2 concentration (Takahashi et al., 2019).
nNOS and BDNF expression are regulated by the increase in
neuronal activity that accompanies physical exercise (Zhang and
Wong-Riley, 1999; Lu, 2003; Tomiga et al, 2021). Because
the
management of T2D and the associated brain dysfunction, we
aimed to determine whether TGF-B2 treatment would mimic the

physical exercise is commonly recommended for

effect of exercise and its relationship with hippocampal nNOS
and BDNF expression. However, consistent with the behavioral
findings, TGF-B2 administration did not affect the low
hippocampal nNOS and BDNF protein and mRNA expression
in the db/db mice. In addition, because hippocampal Tgfb2
mRNA was not affected by TGF-B2 administration, it may be
inferred that exogenous TGF-B2 does not affect neuronal
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activation in the hippocampus in T2D. These findings suggest
that circulating TGF-p2 might not affect the hippocampal
regulation of mood in db/db mice.

The low hippocampal nNOS expression was contrary to our
expectation. nNOS is the major NOS isoform in the adult brain
(Bredt et al., 1994) and acts as a source of nitric oxide (NO) in the
CNS. NO is considered to exert neuroprotective effects at low-to-
moderate concentrations, but becomes neurotoxic at high
concentrations (Abbott and Nahm, 2004). Zhang et al
showed that treatment with a selective serotonin reuptake
inhibitor nNOS
treatment with the nNOS-selective inhibitor 7-nitroindazole

reduced hippocampal expression, and
reduced anxiety-like behaviors (Zhang et al., 2010). Consistent
with these findings, we previously reported that HFD-induced
obesity is associated with high hippocampal nNOS expression
(Tomiga et al., 2017), and that the expression level correlates with

body mass and visceral adipose tissue accumulation (Tomiga
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et al., 2019). Physical activity, such as running, which is
recognized to play a role in the maintenance of mental health,
increases BDNF expression and reduces hippocampal nNOS
expression (Tomiga et al,, 2021). Therefore, the reason for the
low nNOS expression in the hippocampi of the T2D db/db mice
is not readily apparent. One possible mechanism might be nNOS
protein turnover. We previously reported that hippocampal NosI
mRNA expression is low in the initial phase of HFD-induced
obesity, prior to the upregulation of nNOS protein (Tomiga et al.,
2019). Conversely, in the later phase of obesity, when
hippocampal nNOS protein levels are high, Nosl mRNA
expression is low (Tomiga et al., 2019). Given these findings,
when severe obesity develops, as in db/db mice, the low mRNA
expression during the early phase of obesity might lead to low
hippocampal nNOS protein levels. In addition, it has been shown
that nNOS is degraded by the ubiquitin proteasome pathway
(Bender et al,, 2000). We can speculate that T2D might affect
protein degradation pathways in the CNS and might contribute
to these differences. In addition, in rodents with streptozotocin-
induced type 1 diabetes, both low (Reagan and McEwen, 2002)
and high (Guo et al,, 2017) hippocampal nNOS levels have been
identified. These findings suggest that hippocampal nNOS
regulation differs according to the phase of obesity and might
be not explained by differences in glucose homeostasis alone;
therefore, further studies are needed.

Both the hippocampal BDNF and nNOS protein levels
negatively correlated with pgWAT Tnfa mRNA expression,
but not Il6 mRNA expression (Figure 5). Several previous
studies have shown that anxiety-like or depression-like
db/db  mice the
intracerebroventricular (i.c.v.) or systemic administration of a
TNF-a inhibitor (Fourrier et al., 2019; Alshammari et al., 2020).
Similarly, the blockade of IL-6 receptor has an antidepressant

behaviors  in are ameliorated by

effect in rodents with social defeat stress (Zhang et al., 2017).
Interestingly, although the i. c.v. administration of TNF-a
provokes an anxiogenic response, IL-6 has no effects on
anxiety-like behaviors (Connor et al., 1998). These findings
suggest that IL-6 itself might not affect central mood
regulation directly. Given these findings, it is possible that
peripherally-derived TNF-a in db/db mice might contribute to
central mood regulation. Although our data does not confirm a
causal relationship, the correlations between pgWAT Tnfa
the
regulators, such as BDNF and nNOS, are consistent with this.

expression and expression of hippocampal mood

There were several limitations to the present study. First, we
could not confirm that TGF-p2 had direct effects in the CNS in the
db/db mice. McLennan et al. have shown that the entry of acutely
administered TGF-p2 reaches a peak after 10 min in both the
circulation and the brain, after which the concentration of TGE-
B2 in the brain remains stable for at least 45 min (McLennan et al,,
2005). We confirmed an anti-inflammatory effect of TGF-{2 in the
pgWAT of db/db mice, which implies that the TGF-2 entered the

circulation at least. However, given that above findings, and

Frontiers in Physiology

09

10.3389/fphys.2022.969480

although they provide indirect evidence, it can be inferred that
TGF-B2 enters the CNS. Second, we did not include a TGF-{2-
treated WT group. Therefore, it is unclear whether the effects of
TGEF-f2 are specific to the diabetic condition or whether it would
have similar effects in normal animals. These limitations will be
addressed in future studies.

In conclusion, in the present study, we have demonstrated
behavioral defects, including in the resting time and movement
speed of db/db mice. These behaviors and the low hippocampal
BDNF and nNOS expression of db/db mice are not improved by
chronic TGF-pB2 infusion. In addition, the high body and adipose
tissue masses and glucose intolerance of db/db mice are
unaffected by chronic TGF-B2 infusion, and the adipose tissue
pro-inflammatory marker gene expression of db/db mice is
comparable to that of non-diabetic WT mice. These data
suggest that although TGF-B2 ameliorates inflammation in
T2D, it would not have a therapeutic effect in patients with
T2D-induced mood alteration.
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