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Abstract

Objective: Obesity is associated with the exacerbation of pain. Recently, it was reported that High-Fat Diet (HFD)-induced obese mice show
mechanical hypersensitivity after surgery, which causes neuroinflammation via microglial activation in the hypothalamus. However, the mechanism
by which HFD-induced obesity exacerbates pain remains unclear. The Fatty Acid-Binding Protein (FABP) 3 belongs to a family of proteins
that transports fatty acids into the cell and modulates cellular functions. We demonstrated that FABP3 was increased in the hypothalamus of
postoperative pain mice, and was co-expressed in microglia. FABP3 has a high affinity for saturated Fatty Acids (FAs) and n-6 polyunsaturated
FAs in HFD-fed mice, and its function is affected by different types of FAs. Here, we tested whether FABP3 is involved in the mechanism of obesity-

induced pain exacerbation through microglial regulation.

Methods: C57/BL6J wild-type (WT) and FABP3 knockout (FABP3KO) mice were used in this study. These mice were fed a Control Diet (CD) or
a High-Fat Diet (HFD) for eight weeks. Post-operative pain model mice were created by paw incision. Mechanical hypersensitivity was assessed
using the von Frey test. Microglial expression and perimeters were analyzed using Iba-1.

Results: Wild-Type (WT) mice fed a HFD (WT/HFD) showed continuous mechanical hypersensitivity for seven days after surgery compared
to WT mice fed a CD. FABP3KO mice fed a HFD (FABP3/HFD) showed a significantly reduced response time to mechanical stimuli compared
to WT/HFD and recovered mechanical hypersensitivity seven days after surgery. WT/HFD mice showed increased microglial expression and
morphological hypertrophy of cells with an increase in their perimeter in the median eminence of the hypothalamus seven days after surgery,

whereas these changes were not observed in FABP3/HFD mice.

Conclusion: Our results showed that the deficiency of FABP3 may suppress HFD-induced pain exacerbation by regulating the hypothalamic
microglia, indicating that FABP3 may be a therapeutic target for obesity-induced pain exacerbation.
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Introduction

Obesity is a health problem in modern society worldwide and causes a
variety of lifestyle-associated diseases, including diabetes and cardiovascular
diseases [1]. According to global data from the World Health Organization,
approximately 1.9 billion adults are overweight, and approximately 650 million
adults are obese. Growing evidence has suggested that obesity is a risk factor
for chronic pain. For example, clinical studies have shown that obese patients
with a higher body mass index show greater susceptibility to chronic pain [1,2],
and obesity increases the risk of developing chronic pain after motor vehicle
collision [3]. Similarly, basic research has reported that long-term High-Fat Diet
(HFD)-induced obese mice show mechanical hypersensitivity and persistent
pain after surgery [4,5], However, the mechanism underlying obesity-induced
pain exacerbation remains unknown.

Microglia are immune cells of the central nervous system [6,7] and are
known to be key players in chronic pain, which is activated after nerve injury
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[8]. Recently, it was reported that HFD-feeding induces microglial activation in
the hypothalamus and causes neuroinflammation in the early phase of feeding
[9]. Microglia is directly activated by HFD-derived saturated fatty acids, such
as palmitic acid and stearic acid, and n-6 polyunsaturated fatty acids, such
as linoleic acid, which is a large component of HFD [10]. Activated microglia
secrete inflammatory cytokines, chemokines, and nociceptive modulatory
molecules such as brain-derived neurotrophic factors, which are released in
response to peripheral inflammation [11,12]. Transports of dietary-derived fatty
acids from peripheral to the central nervous system are mainly mediated by
Fatty Acid Binding Proteins (FABPs) or fatty acid transporter [13].

FABPs transport fatty acids into the cytosol and contribute to the
regulation of gene expressions [14]. Nine subtypes of FABPs have been
identified, and it has been reported that three types of FABPs (FABP3, FABP5,
and FABP?7) are generally expressed in neurons and glial cells of the brain [14].
Several studies have reported a relationship between FABP level and pain. For
example, intraperitoneal injections of FABP3/FABP5/FABP7 inhibitors have
demonstrated antinociceptive effects in a complete Freund's adjuvant mouse
model [15]. Additionally, FABP5 knockout or FABP5/FABP7 double knockout
mice have demonstrated antinociceptive effects against inflammatory pain
[16,17]. We also reported that FABP3 protein levels increased in the median
eminence of the hypothalamus in postoperative pain model mice, and this
increment improved to baseline levels as pain recovered [18]. Moreover, we
found that hypothalamic FABP3 is co-expressed in microglia [18]. Thus, in
this study, we tested whether FABP3 is involved in the mechanism of obesity-
induced pain exacerbation through microglial regulation in FABP3 knockout
(FABP3KO) mice.
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Materials and Methods

Animals

All animal experiments were conducted in accordance with the guideline
(Principles for the Care and Use of Laboratory Animals adopted by the
Japanese Pharmacological Society) and the ARRIVE guidelines. Animal care
and use were approved by the Ethical Committee for Animal Experimentation
at the Kobe Gakuin University (approval number: A23-35). C57/BL6J Wild-
Type (WT) male mice (eight-weeks-old) were obtained from Japan SLC, Inc.
FABP3KO mice (C57BL/6 background) were kindly provided by Dr. Yuji Owada.
Mice were maintained as homozygous genotypes and were maintained in
cages with a 12-hours light/dark cycle at 24 °C, and water was available ad
libitum. Eight-week-old mice were fed with free access either a Control Diet
(CD, 10% kcal fat, D12450J, Research Diet, Inc.) or a High-Fat Diet (HFD,
60% kcal fat, D12492, Research Diet, Inc.) for eight weeks. Body weight and
food intake were measured twice a week and analyzed weekly.

Post-operative pain

Mice were deeply anesthetized using three types of mixed anesthesia,
consisting of medetomidine (0.75 mg/kg, Nippon Zenyaku Kogyo, Co., Ltd.),
midazolam (4 mg/kg, Maruishi Pharmaceutical Co., Ltd.), and butorphanol (5
mg/mL, Meiji Animal Health, Co., Ltd.). The plantar surface of the right hind
paw was disinfected using 10% povidone-iodine. A5 mm longitudinal incision
was made through the skin and fascia of the plantar region using a number 11
blade. The plantaris muscle was elevated ten times and longitudinally incised
five times. The skin was closed using single 6-0 nylon sutures. The sham
group received only three types of mixed anesthesia. At the end of surgery,
atipamezole (0.75 mg/kg, Nippon Zenyaku Kogyo Co., Ltd.) was administered
to the animals. All drugs were dissolved in saline solution.

RNA extraction and quantitative real-time PCR

Total RNAs was extracted from the hypothalamic tissues using the
RNeasy Mini Kit (Qiagen, LI, NL), following the manufacturer’s instructions.
Total RNA was quantified using a NanoDrop Lite Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Complementary DNA was synthesized
from RNA using the Prime Script RT Reagent Kit (Takara Bio, Shiga, Japan)
following the manufacturer’s instructions. Quantitative real-time PCR
(qRT-PCR) was performed to evaluate the expression of the target genes
using the SYBR Green PCR Master Mix (Roche Diagnostics, Basel, Swiss
Confederation) and a LightCycler 96 system (Roche Diagnostics, Basel, Swiss
Confederation). PCR reactions were performed under the following conditions:
initial activation 95 °C for 5 minutes, followed by 40 cycles of denaturation at 95
°C for 10 seconds, annealing at 60 °C for 20 seconds and extension at 72 °C
for 20 seconds. Relative mRNA expression levels were determined using the
2-AACT method, and the results were normalized to the 18S gene. The primer
sequences used are listed in Table 1.

Immunofluorescent staining

Mice were transcranially perfused with 0.9% NaCl saline solution, followed
by 4% Paraformaldehyde (PFA). The brains were post-fixed with PFA, replaced
with 30% sucrose/l x Phosphate-Buffered Saline (PBS) overnight, and
embedded in Optimal cutting temperature compound (Thermo Fisher Scientific
Waltham, MA, USA). Using a cryostat, 30 um coronal brain sections containing
the median eminence were cut. Subsequently, sections were incubated with
4% PFA, washed with PBS containing 0.1% Tween-20 (PBST), and blocked
at room temperature for 1h in blocking buffer (3% bovine serum albumin
[BSA] in PBS), followed by overnight incubation with a ionized calcium-binding
adaptor molecule 1 (Iba-1) antibody (1:1000, rabbit polyclonal antibody, 019-
19741, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) in 3% BSA
containing PBS and Triton X-100. The following day, the sections were washed
with PBST and incubated with Alexa Fluor® 488 conjugated secondary
antibodies (1:200, Alexa Fluor 488 donkey anti-rabbit IgG antibody, A21208,
Thermo Fisher Scientific, Waltham, MA, USA). The area and perimeter of Iba-1
positive cells in the region, defined as the median eminence, were analyzed
using the ImageJ software (National Institutes of Health).
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Statistical analysis

Data are presented as the mean + SEM. The two groups were compared
using unpaired two-tailed Student's t-test. For more than three groups, two-
way ANOVA was used, followed by Bonferroni’s post-hoc test. All analyses
were performed using GraphPad Prism version 7.0 (GraphPad Software, Inc.).
p < 0.05 was considered significant.

Results

The body weight of WT mice fed the HFD significantly increased six weeks
after feeding compared with that of WT mice fed the CD diet. FABP3 mice fed
the HFD showed significant weight gain at three weeks after feeding compared
with WT mice fed the CD. Weight gain continued until eight weeks after feeding.
In addition, the HFD of FABP3KO mice significantly increased five weeks after
feeding compared to that of FABP3KO mice fed the CD. Weight gain continued
until eight weeks after feedings. There were no significant differences between
the WT and FABP3KO groups of mice fed the HFD (Figure 1a). The total food
intake of WT and FABP3KO mice fed the HFD during the test was significantly
lower than that of WT and FABP3KO mice fed the CD (Figure 1b).

The WT mice fed the CD showed significantly increased responses to
mechanical stimuli of the ipsilateral hind paw one day after surgery, which
lasted four days. The paw withdrawal threshold returned to baseline levels

Table 1. Sequences of primers used for quantitative real time polymerase chain reaction.
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Figure 1. Effects of high-fat diet (HDF) on body weight and food intake in wild-type (WT)
or FABP3 knockout (FABP3KO) mice a. Body weight: Body weight was measured for
eight weeks in WT or FABP3KO mice fed CD or HFD. Two-way ANOVA with Bonferroni's
multiple comparison post hoc test. Data are present as the mean tstandard error of the
mean (SEM). WT/CD, n=5, WT/HFD mice, n=6, FABP3KO/CD, n=4, FABP3KO/HFD,
n=5, *p<0.01, *p<0.05 vs. WT/CD, #p<0.01, #p<0.05 vs. FABP3KO/CD. h. Food intake:
The food intake was analyzed per week on either CD or HFD in WT or FABP3KO mice.
One-way ANOVA with Tukey's multiple comparison post hoc test. Data are present as the
mean tstandard error of the mean (SEM). WT/CD, n=8, WT/HFD mice, n=8, FABP3KO/
CD, n=8, FABP3KO/HFD, n=8, **p<0.01 vs. WT/CD, #p<0.01, #p<0.05 vs. FABP3KO/CD.
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seven days after surgery. In contrast, WT mice fed the HFD showed a
significantly increased number of withdrawal responses to mechanical stimuli
that continued up to seven days after surgery compared to WT mice fed the
CD. In sham mice fed CD or HFD, the withdrawal response time was quite low
(Figure 2).

WT mice fed the HFD showed long-lasting mechanical allodynia for up to
seven days compared to WT mice fed the CD, whereas FABP3KO mice fed
the HFD recovered it at seven days after surgery. Response levels of WT and
FABP3KO mice fed the CD showed the same low response as before surgery
(Figure 3).

Iba-1 mRNA expression was significantly increased in the hypothalamus
of WT mice fed the HFD compared to WT mice fed the CD before surgery
and at three or seven days after surgery (Figure 4a), whereas in the median
eminence of the hypothalamus, WT mice fed the HFD showed a significant
increase in the area and perimeter of Iba-1 positive cells at seven days after
surgery. On the other hand, the area and perimeter of Iba-1 positive cells did
not change in FABP3KO mice fed HFD (Figure 4b—d).

Discussion

In this study, we examined whether mice with HFD-induced obesity had an
exacerbation in postoperative pain. First, mice were fed the HFD (60% kcal fat)
ad libitum to induce obesity. Mice fed the HFD gained significantly more weight
until the end of the study, despite a decrease in food intake. Generally, body
weight is maintained by a balance between energy intake and expenditure.
Energy intake exceeds energy expenditure and causes obesity [19]. Thus, this

WT/HFD
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WT/CD
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Time after paw incision (days)

Figure 2. Time course of mechanical allodynia in the HFD-induced obesity mice. The
von Frey test was conducted in four groups (WT/CD, sham, WT/HFD, sham, WT/CD,
Ope, WT/HFD, and Ope) using 0.16 g filament. Two-way ANOVA with Bonferroni's
multiple comparison post hoc test. Data are present as the mean + SEM. WT/CD, sham,
n=4, WT/HFD, sham, n=5, WT/CD, Ope, n=6, WT/HFD, Ope, n=5, #p<0.01, #p<0.05 vs.
WT/HFD, sham.
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Figure 3. Time course of mechanical allodynia in the FABP3KO mice fed HFD. The
von Frey test was conducted in four groups (WT/CD, Ope, WT/HFD Ope, FABP3KO/
CD, Ope, FABP3KO/HFD, and Ope) using 0.16 g filament. Two-way ANOVA with
Bonferroni's multiple comparison post hoc test. Data are present as the mean +
SEM. WT/CD, Ope, n=6, WT/HFD Ope, n=6, FABP3KO/CD, Ope, n= 4 FABP3KO/
HFD, Ope, n=6, **p<0.01 vs. WT/CD Ope, #p<0.01 vs. WT/HFD, Ope. *p<0.01,
*p<0.05 vs. FABP3KO/CD, Ope.
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Figure 4. Analysis of microglial expression and morphology in the hypothalamus
from HFD-induced obese mice. The expression levels of lba-1 mRNA using qRT-
PCR are shown a. Iba-1 mRNA expression in WT/CD and WT/HFD before surgery,
and at three or seven days after surgery is shown in a. Data are compared by Tukey's
multiple comparison test, and present as the mean + SEM. WT/CD Pre, n=4, WT/CD
Ope 3 days, n=5, WT/CD Ope 7 days, n=5, WT/CD Pre, n=5, WT/HFD Pre, n=6, WT/
HFD Ope 3 day, n=6, WT/HFD Ope 7 day, n=6, *p<0.05, **p<0.01 vs. WT/CD Pre,
#n<0.05, #p<0.01 vs. WT/CD Ope 3 days, *p<0.05, *p<0.01 vs. WT/CD Ope 7 days,
Expression and morphological changes in Iba-1 positive cells in the median eminence
using immunofluorescence staining are shown. b-d. WT/CD Ope 7 days, n=3, WT/HFD
Ope 7 days, n=3, FABP3KO/CD Ope 7 days, n=3, FABP3KO/HFD Ope 7 days, n=3.
*p<0.01 vs. WT/CD Ope 7 day, Scale bar = 50um.

is thought to be a result of the higher caloric content in the HFD relative to the
CD, such that the amount of energy intake exceeded its expenditure in mice.
The early weight gain observed in FABP3KO mice fed the HFD might be due in
part to the defective regulation of energy balance by FABP3. In the FABP3KO,
the metabolism of fatty acids and glucose, which are energy sources in the
body, is altered [20,21]. After HFD feeding for eight weeks, HFD-induced obese
mice showed continuous hypersensitivity to mechanical stimuli for seven days
after surgery. These results suggest that mice fed the HFD have a prolonged
recovery from postoperative pain, that is, their pain is worse. Our results are
consistent with previous reports that HFD-induced obesity worsens pain in a
rodent pain model [22-24]. In contrast, Lian N, et al. reported that mice fed
the HFD (60% kcal for fat) alone for eight weeks caused mechanical allodynia
[4], but in this study, no threshold reduction was observed in mice fed the
HFD alone. This discrepancy may be due to the differences in the assessment
methods used in the von Frey test. However, we emphasize the importance of
the observation that HFD-induced obese mice exhibit pain exacerbation.

Next, to determine whether FABP3 is involved in the exacerbation of
pain in obesity, we analyzed the pain behavior in FABP3KO mice. FABP3KO
mice fed the HFD had a lower number of reactions than WT mice fed the
HFD; that is, postoperative pain-induced mechanical hypersensitivity was
suppressed by the deletion of FABP3. These results suggest that FABP3 is
partially involved in pain regulation. Finally, to elucidate the mechanism of
HFD-induced pain exacerbation, we focused on the changes in microglial
expression in the hypothalamus. In fact, microglia in the hypothalamus are
activated by HFD [25,26]. One possible mechanism is that saturated fatty
acids or n-6 polyunsaturated fatty acids in HFD hind to Toll-like receptor 4,
which is expressed on microglia and induces microglial activation [27,28].
Generally, microglial activation can be assessed by the upregulation of Iba-1
expression and morphological changes [29]. In this study, an increase in lba-1
expression and its perimeter was observed in the hypothalamus of WT mice
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fed a HFD, suggesting that WT mice fed the HFD may indeed activate the
hypothalamic microglia. However, HFD-induced microglial activation was not
observed in FABP3KO mice fed the HFD at postoperative day seven. These
results suggest that FABP3 plays a role in the regulation of the hypothalamic
microglia.

More recently, Low YL, et al. reported that the microglial cell line BV2

expresses FABP3, -4, and -5 [30]. Kagawa Y, et al. reported that microglial
FABP4 is involved in the regulation of neuroinflammation caused by
lipopolysaccharide-induced microglial activation [31]. Therefore, we cannot
exclude the possibility that other FABPs are involved in the regulation of
microglial expression, resulting in pain suppression. A limitation of this study is
that we used whole-body knockout mice for FABP3, as we could not determine
whether microglial FABP3 is involved in the regulation of its own activation. In
addition, it remains unclear whether the secondary effects caused by obesity-
induced microglial activation result in pain exacerbation or how fatty acids in
HFD are taken up into the brain and induce pain exacerbation.

Conclusion

In conclusion, we demonstrated that HFD-induced obese mice showed

delayed recovery from postoperative and worsened pain. In addition, FABP3KO
mice fed the HFD showed attenuated pain exacerbation. Our findings suggest
that FABP3 in the hypothalamus is involved, at least in part, in exacerbation of
HFD-induced pain through microglial regulation.
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