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Abstract: Recently, obesity-induced insulin resistance, type 2 diabetes, and cardiovascular disease
have become major social problems. We have previously shown that Astaxanthin (AX), which is
a natural antioxidant, significantly ameliorates obesity-induced glucose intolerance and insulin
resistance. It is well known that AX is a strong lipophilic antioxidant and has been shown to be
beneficial for acute inflammation. However, the actual effects of AX on chronic inflammation in
adipose tissue (AT) remain unclear. To observe the effects of AX on AT functions in obese mice, we fed
six-week-old male C57BL/6J on high-fat-diet (HFD) supplemented with or without 0.02% of AX for
24 weeks. We determined the effect of AX at 10 and 24 weeks of HFD with or without AX on various
parameters including insulin sensitivity, glucose tolerance, inflammation, and mitochondrial function
in AT. We found that AX significantly reduced oxidative stress and macrophage infiltration into AT,
as well as maintaining healthy AT function. Furthermore, AX prevented pathological AT remodeling
probably caused by hypoxia in AT. Collectively, AX treatment exerted anti-inflammatory effects via
its antioxidant activity in AT, maintained the vascular structure of AT and preserved the stem cells
and progenitor’s niche, and enhanced anti-inflammatory hypoxia induction factor-2α-dominant
hypoxic response. Through these mechanisms of action, it prevented the pathological remodeling of
AT and maintained its integrity.

Keywords: Astaxanthin; natural antioxidant; obesity; insulin resistance; adipose tissue remodeling;
adipose tissue macrophages
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1. Introduction

Obesity is not only a phenomenon of weight gain, but it is also widely known to
be associated with various diseases. The increasing prevalence of obesity and associated
comorbidities such as type 2 diabetes, cardiovascular disease, and certain cancers represents
a major threat to public health [1]. The total number of people with diabetes is estimated to
rise from 451 million today to 693 million by 2045 [2], and the prevalence of type 2 diabetes
is expected to rise in children and adolescents around the world in all ethnicities [3]. In 2017,
about 5 million deaths were attributed to diabetes [2]. These alarming statistics highlight
that only a few effective treatment strategies exist to fight this multifactorial disease. Insulin
resistance precedes and predicts type 2 diabetes and it underlies the development of many
comorbidities. Two major lifestyle changes, namely decreased physical energy expenditure
and the increased availability and abundance of palatable high-fat foods, have contributed
to the development of obesity and insulin resistance. One potential mechanism of insulin
resistance involves cellular oxidative stress induced by excess energy states. Adipose
tissue (AT) is not only a pool of fat, but also an endocrine tissue, which is essential for
the regulation of systemic metabolic functions and the development of various diseases
through the production of many cytokines, called adipokines, and the release of free fatty
acids [4–6].

In recent years, a variety of nutrients have been reported to exert direct effects on
AT, but the mechanism of action of most of them is either to inhibit the development of
adipocytes or to lipolysis of fat from adipocytes. In other words, the goal is simply to pro-
vide weight loss, but it is unclear whether these actions always produce a physiologically
beneficial effect [7,8].

We have shown that astaxanthin (AX) (Figure 1), a marine carotenoid known as a
strong antioxidant, ameliorates insulin resistance in diet-induced obese mice or in vitro
myotubes by modulating insulin signaling in an antioxidant activity-dependent and -
independent manner and by activating mitochondrial energy metabolism via activating
the AMP-activated protein kinase (AMPK)/peroxisome proliferator activated receptor γ
coactivator-1α (PGC-1α) pathway in skeletal muscle [9,10]. These findings focused mainly
on skeletal muscle, but on the other hand, the possibility of exerting anti-inflammatory
effects in AT has also been partially reported in animal models [10–14] and humans [15–18].
According to these reports, the effects of AX are thought to be mainly based on its antioxi-
dant activity, with increased HDL and increased adiponectin levels in the blood. The role of
AX in AT might be to suppress chronic inflammation and maintain non-alcoholic steatohep-
atitis and pancreatic functions by inhibiting obesity-induced inflammatory M1 macrophage
(MΦ) infiltration, the production of pro-inflammatory cytokines, and the release of free
fatty acids. However, it remains unclear how AX works on adipocytes and stromal vascular
fraction (SVF) in AT. In this study, we aimed to directly and comprehensively elucidate the
effects of AX on AT.

Figure 1. Chemical structure of Astaxanthin (AX).

2. Materials and Methods
2.1. Reagents

The cell culture reagents were purchased from Invitrogen (Carlsbad, CA, USA); com-
mercially available astaxanthin (AX) powder was purchased from Fuji Chemical Indus-
tries USA; Inc. (product name; P2AF, containing 2% of AX from Haematococcus pluvialis,
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Burlington, NJ, USA); All the other reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA).

2.2. Animals

Five-week-old male C57BL/6J mice were purchased from Sankyo Laboratory Service
(Tokyo, Japan). All the animals were housed in a 12 h light/12 h dark cycle and allowed
free access to food and water. The regular diet (normal chaw (NC); D12450B) and a 60%
high-fat diet (HFD; D12492) and their AX pre-mixed diet (final AX content was 0.02%
using commercially available AX powder) were purchased from Research Diets Inc., (New
Brunswick, NJ, USA). One week after habitation, from 6 weeks of age, they were fed on
each of these diets. Ten or twenty-four weeks after the administration of HFD, the mice
were sacrificed after anesthesia to harvest tissues for analysis. The animal care policies and
procedures for the experiments were approved by the animal experiment committee at the
University of Toyama.

2.3. Body Composition Analysis

Body composition, including fat and lean mass, was compared using EchoMRI-100 (Hi-
tachi Aloka, Hitachi, Japan) at ten or twenty four weeks after administration. After fasting,
the animals were sacrificed after anesthesia through intraperitoneal injection, blood was
collected and liver and epididymal white adipose tissue were removed and their weights
measured. The collected tissues were also used for the following miscellaneous tests.

2.4. Realtime Reverse Transcription-Polymerase Chain Reaction (Realtime RT-PCR)

Tissues for the RT-PCR were collected and preserved in an RNA solution from Ambion
(Austin, TX, USA) according to the manufacturer’s instructions. All the tissues, except for
the skeletal muscle, were lysed in a buffer RLT in an RNeasy kit (Qiagen, Hilden, Germany).
For the skeletal muscle, approximately 100 mg of tissue was minced and lysed with 1 mL
of Isogen (Nippon gene, Toyama, Japan), before the addition of 200 µL of chloroform. After
centrifugation, the transparent/clear layer was transferred to a new Eppendorf tube. The
RNA extraction and RT-PCR were performed as previously described [6,10,19,20].

2.5. Glucose Tolerance Test and Insulin Tolerance Test

In the intraperitoneal glucose tolerance test (IP-GTT), 18 h fasted mice were injected
with glucose (1 mg/g BW) intraperitoneally. In the intraperitoneal insulin tolerance test
(IP-ITT), 2 h fasted mice were injected intraperitoneally with human insulin 0.8 units/kg
BW for NC-fed and 1.2 units/kg BW for HFD-fed mice. Blood samples were then collected
after 0, 15, 30, 45, 60, 90, and 120 min from the tail vein. The blood glucose levels were
measured using the STAT STRIP Express 900 (Nova Biomedical, Waltham, MA, USA).

2.6. Flow Cytometry Analysis

The isolation and separation of the SVF and subsequent flow cytometry were per-
formed as described previously [20], with minor modification. Briefly, negative selection
of 7AAD (live cells) were gated for CD45+ (hematopoietic) cells, followed by the positive
selection of F4/80+ cells. Next, F4/80+ cells were gated for CD11c+ and CD206+ cells.
This experiment was performed using Becton Dickinson FACS Canto II and the data were
analyzed using FlowJo (V10) software.

2.7. Immunohistochemistry

Paraffin-embedded tissues were cut 5 µm thick and mounted on slides. Slide stain-
ing with hematoxylin and eosin (H&E) was performed according to the manufacturer’s
instructions. A specific cell count was performed for at least three randomly chosen 200×
magnification fields. The average adipocyte size was analyzed by NIH Image J software at
least three randomly chosen.
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2.8. Oxidative Stress Analysis

The oxidative stress were evaluated by production of malondialdehyde (MDA) and
thiobarbituric acid-reactive substances (TBARS) in frozen tissues. TBARS assays were
measured using a “Malondialdehyde (MDA) Assay Kit” (Product No. NWK-MDA01,
Northwest Life Science Specialties, LLC., Vancouver, WA, USA), according to the manufac-
turer’s instructions.

2.9. Statistical Analysis

The Statistical analyses were performed using unpaired Student’s t-tests or One- or
Two-way ANOVAs with the Dunnett’s or Tukey-Kramer posttest. The differences were
considered statistically significant at * p < 0.05, ** p < 0.01 and *** p < 0.001. The results are
presented as the means ± SEM.

3. Results
3.1. AX Inhibits Increases in Liver Weight, but Increases the Weight of Adipose Tissue upon
High-Fat Diet Stimuli

We previously reported that astaxanthin (AX) supplementation mixed with a high-fat
diet (HFD) prevents the progression of the early stages of weight gain associated with
feeding, but we did not observe any difference in weight gain in later stages compared
to the control group (24 weeks of HFD-feeding) [10]). However, when we stratified the
data between the early and late periods of rearing, there were significant changes in
weight gain. This means that weight gain was suppressed in the AX-treated group in the
early period (0 to 8 weeks after treatment) and, conversely, increased in the late period
(16 to 24 weeks after treatment) (Supplementary Figure S1A). In addition, as the HFD
treatment period prolonged to 76 weeks, the AX-treated HFD group gained more body
weight compared to the HFD control group (Supplementary Figure S1B). However, AX
administration significantly prevented the deterioration of blood glucose, blood lipids,
and blood pressure [10]. At this point, computed tomography imaging showed unbiased
increases in both visceral fat and subcutaneous fat (data not shown). The Fat/lean ratio
evaluated by MRI was significantly lower in the AX-treated group at 8 weeks, whereas
the ratio was higher in the AX-treated group at 24 weeks, although it was not significant
(Figure 2A). Consistent with these results, the weight of epididymal white adipose tissue
(eWAT) was significantly lower in the AX-treated group at 10 weeks, but was reversed
at 24 weeks of HFD-feeding, with a significantly higher weight in the AX-treated group
(Figure 2B). When evaluated for liver weight, the AX-treated group showed significantly
lower weight compared with the control group at 24 weeks of HFD-feeding (Figure 2C).
The control group demonstrated a decrease in eWAT weight and an increase in liver weight
at 24 weeks compared to 8 weeks of HFD-feeding. The AX group exhibited a smaller
magnitude of this change. Therefore, it was considered that the AX treatment prevented
ectopic fat accumulation in the liver by correctly depositing excess fat of dietary origin in
adipose tissue (AT). Furthermore, the reduction in the levels of lipids in the blood when
compared to the HFD control group was suggested to be the effect of the prevention of
liver dysfunction by preventing the accumulation of ectopic fats, such as steatosis, via
AT integrity, in addition to the improvement of the lipid utilization function of skeletal
muscle by AX administration [10]. Interestingly, the eWAT and liver in the AX-treated
group appeared to be orange in color (Figure 2D). Similar findings were also observed in
other Ats, such as inguinal white adipose tissue (iWAT) and brown adipose tissue (BAT)
(data not shown). This suggests that AX administration results in gross morphological
changes in AT, including pigmentation.
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Figure 2. AX administration changed the body composition and tissue weight of high-fat diet-loaded
(HFD) mice. (A) Body composition by NMR, Fat/lean ratio, epididymal adipose tissue (eWAT)
weight (B), and liver weight (C) of control mice on a high-fat diet and AX-treated mice at 10 and
24 weeks. (D) Representative images of eWAT and liver tissues. (n = 5–6 per group). All values are
represented as means ± S.E.M. * p < 0.05, *** p < 0.001 (HFD vs. HFD + AX). Statistical tests were
performed as follows: two-way repeated-measures ANOVA, a post-hoc Tukey-Kramer for each point.

3.2. AX Decreases Oxidative Stress in Adipose Tissue and Suppresses the Expression of
Pro-Inflammatory Cytokine Genes

In a previous study, we demonstrated that AX treatment only reduces oxidative stress
measured by 2-thiobarbituric acid reactive substances (TBARS) in eWAT [10]). According
to the gene expression analysis of antioxidant enzymes and their regulators in these tissues,
the AX-treated group exhibited downregulated expression levels of the oxidative stress
marker gene (Hmox-1), and upregulated expression levels of Sirt3 and Catalase compared
to the control HFD group, but no systematic changes in the expression levels of other
antioxidant enzymes, including Nrf2, were observed between the groups (Supplemen-
tary Figure S2). Interestingly, we found downregulated expressions of pro-inflammatory
cytokines regardless of the time period of the study (Figure 3A,B, and Supplementary
Figure S3). This change was more significant in the 24 week treated mice. For example, in
the AX-treated group, there were decreased gene expression levels of pro-inflammatory
cytokines, and chemokines such as Ccr2, Il-1β, Il-6, Nlrp3, Nos2, and Tnfα, and increased
gene expression levels of the anti-inflammatory cytokine Il-10 were observed. This suggests
that the AX-treated group had reduced inflammation in the eWAT due to the antioxidant
activity of AX itself or some other mechanisms. Notably, the AX-treated group featured
higher gene expression levels of peroxisome proliferator-activated receptor γ (PPARγ),
which is a nuclear receptor and a target of anti-diabetic drugs such as thiazolidinediones; it
is expressed in smaller adipocytes that secrete more metabolically favorable adipokines [21].
AX has been also reported to be a partial modulator of PPARγ [22]. As for adiponectin
(AdipoQ), which is a gene transcriptionally regulated by PPARγ [21], and a favorable
adipokine secreted from AT, it increased in the AX-treated group regardless of the treat-
ment period (Figure 3C, and Supplementary Figure S4), which reflects the effects that were
observed in humans and obese animals [7,11,12].
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Figure 3. AX administration regulated the gene expression of pro-inflammatory markers and
metabolic markers in the eWAT compared to HFD-treated control mice. Gene expression of pro-
inflammatory and anti-inflammatory-related marker genes in eWAT of HFD-fed mice either 8 weeks
(A) or 24 weeks (B) after AX administration. Gene expression of metabolism markers, including
adipokines, lipolysis and energy metabolisms in eWAT of HFD treated for 10 weeks (n = 5–6 per
group) (C). All values are presented as the means ± S.E.M. * p < 0.05, ** p < 0.01 (HFD vs. HFD + AX).
Statistical analysis was performed using Student’s t-test.

The activation of PPARγ, in association with peroxisome proliferator activates receptor
γ coactivator-1α (PGC-1α), induces adipocyte progenitor cell differentiation to “Beige/Brite
(brown-like in white)” adipocytes cells with high expression of uncoupling protein 1
(UCP-1) located in the inner mitochondrial membrane [23,24]. UCP1 is responsible for
uncoupling the pathway of oxidative phosphorylation for ATP synthesis and non-shivering
thermogenesis by dissipating chemical energy as heat and promoting high levels of fatty
acid oxidation. We have also previously shown that AX induces AMPK-mediated gene
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expression of Pgc-1a in skeletal muscle [10]. Since the gene expression of Ucp-1 seemed to
upregulate in the eWAT of mice treated with AX (Figure 3C, and Supplementary Figure S4),
we evaluated the AT beigeing phenomenon in the inguinal or subcutaneous white adipose
tissue (iWAT). In the iWAT of mice treated with AX for 8 weeks, the expression of Ucp-1
and beige/brite adipocyte marker genes were significantly upregulated compared with the
non-AX-treated group (Supplementary Figure S5A,B). In these animals, the gene expression
of Pgc-1α, but not Prdm16, was upregulated, suggesting that these changes were due to the
effects of PPARγ and PGC-1α. Unfortunately, however, the glucose tolerance and insulin
sensitivity of these animals were similar regardless of the strength of Ucp-1 expression in
iWAT, and there was no extreme enhancement of Ucp-1 expression in iWAT at week 24
(data not shown). Therefore, it was considered that this phenomenon had minor effects
on the ameliorating effects of AX treatment on AT inflammation and whole body energy
metabolisms. Therefore, we hypothesized that the central role of AX in AT is its anti-
inflammatory effect, and focused our research there.

It is well known that the production of inflammatory cytokines in AT is associated
with the accumulation of inflammatory M1 macrophages (MΦ) in AT due to damage-
associated molecular patterns (DAMPs) caused by oxidative stress and hypoxia-induced
adipocyte damage and cell death [20]. These conditions also led to the downregulated
expressions of anti-inflammatory M2 MΦ, which are tissue-resident and/or regulatory
MΦ. We also reported that M2 MΦ play an important role in maintaining the functions
and homeostasis of AT [6]. Therefore, we evaluated the effects of AX on macrophages in
AT. In the AX-treated group, the gene expression of F4/80, a surface marker of MΦ in mice,
was decreased in eWAT, which may have reduced MΦ infiltration in AT (Figure 3A,B).
Remarkably, the gene expression of Cd11c, one of the M1 MΦ markers, was significantly
decreased, although the gene expression of Cd206, one of the markers of AT M2 MΦ,
remained unchanged. Therefore, we next evaluated the quantity and quality of MΦ in the
eWAT by FACS to further clarify the inflammation.

Consistent with gene expression analysis, our flow cytometry analysis also revealed
that AX treatment significantly reduced the number of CD11c+ M1 MΦ, while the number
of CD206+ M2 MΦ remained unchanged (Figure 4A). Interestingly, the M1/M2 MΦ ratio,
which was increased by HFD feeding, was significantly decreased in the AX-treated group,
mainly due to a significant decrease in the accumulation of M1 MΦ in eWAT, and no
significant change in the number of M2 MΦ (Figure 4A–C). Therefore, consistent with
the results of the gene expression, AX treatment prevented the accumulation of M1 MΦ
in eWAT. Consistent with previous reports [14], our data also showed that AX treatment
did not alter the polarization of MΦ. From these results, we concluded that the anti-
inflammatory effect of AX in AT was mainly due to the reduced accumulation of M1 MΦ.

Next, we investigated the size of the adipocytes in eWAT for evaluating the function of
AT. Excessively hypertrophic adipocytes can cause cytotoxicity due to hypoxia, leading to
chronic inflammation. On the other hand, smaller adipocytes secrete beneficial adipokines,
such as adiponectin, and are able to store excess fat. We evaluated the impact of AX on
them. In brief, the diameter was evaluated based on the calculated area of individual
adipocytes stained with Hematoxylin and Eosin (H&E) (Figure 5A). We did not observe
any difference in the number of hypertrophic adipocytes larger than 100 µm in the AX-
treated group compared to the HFD control group. However, there was a significantly
higher number of smaller adipocytes of approximately 20 µm in the AX-treated group.
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Figure 4. AX administration attenuated the infiltration of M1 macrophages (MΦ) into adipose tissue
of HFD-fed mice. (A) Representative flow cytometry analysis of immune cells in eWAT of AX-treated
HFD and HFD control mice (n = 6 mice/group). For this, the live cells were gated for CD45+ cells,
followed by F4/80+ MΦ, and CD206+ M2 MΦ, and CD11c+ M2 MΦ. The percentages, their M1/M2
MΦ ratio (B) and the cell numbers (C) of M1 (CD11c+) and M2 (CD206+) MΦ relative to F4/80+

cells in the stromal vascular fraction (SVF) of eWAT from mice treated with HFD for 24 weeks. All
values are presented as the means ± S.E.M. *** p < 0.001 (HFD vs. HFD + AX). Statistical analysis
was performed using Student’s t-test.
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Figure 5. AX administration significantly altered the size of adipocytes in eWAT. (A) Diameter of
adipocytes calculated from the area of adipocytes. (B) Average numbers of the crown like structures
in each Hematoxylin and Eosin (H&E) stained section. (C) Representative H&E stained histological
sections (n = 3–4/each group, each sample was measured in at least four sections). All values are
represented as means ± S.E.M. * p < 0.05, N.S.: not significant (HFD vs. HFD + AX). Statistical tests
were performed as follows: (A) two-way repeated-measures ANOVA, a post-hoc Dunnet’s-test for
each point. (B) Student’s t-test.

Hypertrophic adipocytes induce a vicious cycle that is detrimental to insulin resistance
and chronic inflammation, as discussed above. The microenvironment that represents these
events is a crown-like structure (CLS) that is highly stained with H&E, where MΦ accumu-
late around dead cells. We hypothesized that CLS would be significantly diminished in the
eWAT of AX-treated mice; we counted CLS+ numbers (Figure 5B), and found that number
of CLS was comparable between the AX-treated group and the control HFD group. This
result was contradicted by the results of the FACS analysis and gene expression analysis
in eWAT. Therefore, we considered that the stromal structure of eWAT in the AX-treated
group was different from that of CLS, and further gene expression analysis was performed
on the SVF used for FACS (Figure 6A,B).
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Figure 6. AX administration partially upregulated the gene expression of vascularization markers in eWAT and their SVF
compared to HFD-treated control mice for 24 weeks. Gene expression of vascular marker genes in eWAT (A) and their
SVF (B) (n = 5–6/each group). All values are represented as means ± S.E.M. * p < 0.05, ** p < 0.01 (HFD vs. HFD + AX).
Statistical tests were performed as follows: Student’s t-test.

3.3. AX Reduces Inflammation of SVF in eWAT and Maintain Pool Size of Adipocyte Progenitors

To evaluate gene expression in the SVFs from eWATs used in the study, we first
evaluated gene expression of series of M1/M2 MΦ associated pro/anti-inflammatory
markers. Consistent with the results of the FACS and gene expression in eWAT, gene
expression in SVF revealed the downregulation of the gene expression of M1 macrophage-
associated pro-inflammatory markers (Supplementary Figure S6). In contrast to the eWAT,
the gene expression of not only F4/80 and Cd11c, but also Cd206 in the AX-treated group
was downregulated in SVF; similarly, the expression of anti-inflammatory marker genes
was also downregulated. By contrast, the expression of Foxp3, a regulatory CD4+ T cell
marker, was upregulated. It was speculated that this result was due to the reduced number
of macrophages in the total SVF (Supplementary Figure S7). Note, the expression of
oxidative stress marker gene Hmox-1 and the oxidative stress response gene in SVF were
also downregulated in the AX-treated group compared to the control group.

To learn which cells in SVF were affected in the AX-treated group, we examined the
gene expression of vascular marker genes, including endothelial cells and pericytes, and
also evaluated the expression of adipocyte progenitors (APs) and mesenchymal stem cell
(MSC)-related marker genes in eWAT and SVF. Interestingly, the AX-treated HFD group
showed upregulated expression of vascular marker genes, including VE-cadherin Cd31, Kdr,
Flt1, Ng2, Nos3, and vascular endothelial growth factors (VEGFs) marker genes including
Vegfb, Vegfa120, Vegfa164, Angptl4, and Fgf1 in eWAT compared to the control HFD group
(Figure 6A). These genes, except for Vegfs, and Fgf1, were more distinctly and significantly
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upregulated in the SVF of the AX-treated HFD group (Figure 6B), indicating that AX
promotes angiogenesis and the healthy expansion of AT. Therefore, it is possible that there
was more angiogenesis or vasculogenesis occurring in the eWAT of AX-treated mice.

Maintaining niches for MSCs and APs and the healthy differentiation of adipocytes
are essential to maintain stable vascular structure and angiogenesis [6,25,26]. Therefore, we
hypothesized that the AX-treated mice would display more preserved MSCs and APs, and
we evaluated these markers. As a result, the gene expression of a series of MSC-related
marker genes, including Pdgfrb, Cd90, and Cd105, APs-related marker genes including
Sca-1, Pdgfra, and Pref-1, and an early adipogenesis marker, Cebpa in SVF, were upregulated
in the AX-treated group compared to the control HFD group (Figure 7). Therefore, it
was considered that most of the cells comprising the SVF were not due to the infiltration
of exogenous M1 macrophages, but rather to endogenous groups of cells comprising
vasculature, MSCs and APs. Based on these results, the CLS observed in the eWAT of
the AX-treated group may be the regions where adipogenesis occurred in and around the
vasculatures, which were distinct from conventional CLS associated with cell death and
macrophage accumulation

Figure 7. AX administration altered the gene expression of adipocyte progenitor cells, and mesenchy-
mal stem cell markers in SVF compared to HFD-treated control mice for 24 weeks. Gene expression
of adipose progenitor cells, and stem cell marker genes in SVF from eWAT of mice treated HFD for
24 weeks. (n = 5–6/each group). All values are represented as means ± S.E.M. * p < 0.05, *** p < 0.001
(HFD vs. HFD + AX). Statistical tests were performed as follows: Student’s t-test.

3.4. AX Induces a Predominantly HIF-2α, but Not HIF-1α, Hypoxic Response in eWAT

Based on the results suggesting more angiogenesis in the AX-treated group, indicating
the microenvironment in eWAT was altered by AX administration. In the inflammation of
AT, the hypoxic response due to hypoxia in their MΦ caused by hypertrophic adipocytes
plays an important role in the development of insulin resistance in obese mice [20]. Under
hypoxic conditions, the hypoxic response of each cell involves Hypoxia-Induction Factor
(HIF)-mediated gene expressions, but the response varies between different isoforms of
HIF. Interestingly, a great number of factors influences the hypoxic response, including
oxygen tension, metabolites, and ROS [27,28]. Next, we examined the impact of AX on
the hypoxic response of eWAT and SVF through gene expression analysis, and found
downregulated expression of hypoxia-related marker genes, including Hif1a, Spp1, Egnl1
etc., in the eWAT and SVF of AX-treated group compared with non-AX-treated HFD group,
in contrast, Epas1 (HIF-2α) gene expression was upregulated (Figure 8A,B). In contrast
to HIF-1α, the HIF-2α-dominant hypoxic response functions in the beneficial manner for
healthy adipose hypertrophy [20,29,30]. These findings suggest that AX treatment reduces
AT hypoxia and facilitates the healthy expansion of WAT.



Nutrients 2021, 13, 4374 12 of 18

Figure 8. The hypoxic response altered from HIF-1 to HIF-2 dominant in eWAT and its SVF of AX-treated HFD mice
compared to HFD control mice for 24 weeks. Gene expression of vascular marker genes in eWAT (A) and their SVF (B).
(n = 5–6/each group). All values are represented as means ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001 (HFD vs. HFD+AX).
Statistical tests were performed as follows: Student’s t-test.

3.5. Intervention with AX in Mice after the Completion of Pathological Obesity Improved Insulin
Resistance and Glucose Intolerance

Finally, most of the previous studies of AX administration to obese animals reported
preventive administration even before pathogenesis caused by obesity. Therefore, we
conducted an intervention study to evaluate the efficacy of AX in mice with pathological
conditions such as insulin resistance and glucose intolerance caused by HFD-feeding. The
animals fed a HFD for 12 weeks significantly increased their body weight compared to
mice (Supplementary Figure S8A,B). These mice were randomly divided into two groups:
one group received a HFD mixed with 0.02% AX, and another group continued to feed
on the HFD alone (Supplementary Figure S8A). This time point was used as a baseline,
and the glucose tolerance, insulin sensitivity, and systolic blood pressure of each mouse
were evaluated (Supplementary Figure S8C–E). Since baseline glucose tolerance, insulin
sensitivity, and blood pressure were significantly impaired compared to the lean mice [10],
we concluded that the obesity-induced pathological insulin resistance-related conditions
were sufficiently established. The treatment was then continued for another 12 weeks,
and glucose tolerance, insulin sensitivity, and blood pressure were compared to baseline
(Supplementary Figure S8C–E). First, there was no significant change in weight gain with
or without AX administration (Supplementary Figure S8B). In regard to glucose tolerance,
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there was a significant difference in the AX group compared to the HFD control group, and
also improved from baseline (Supplementary Figure S8C). For systolic blood pressure and
insulin sensitivity, there was no deterioration from baseline, but there were no significant
improvements from baseline (Supplementary Figure S8D,E). These results suggest that
interventions in AX obesity should be initiated as early as possible, and may be less potent
for obesity that is already established completely.

4. Discussion

The current study revealed that AX administration suppresses liver fat, but modest
body weight gain and AT weight gain was still observed in chronic obese states. These
results suggested that AX treatment prevented the ectopic accumulation of fat in the
liver and other organs because excess fat of dietary origin was correctly stored in AT.
The release of excess saturated free fatty acids and pro-inflammatory cytokines from AT
induces insulin resistance in peripheral and central systems as well as leptin resistance
in the hypothalamus [31]. In addition, healthy AT is an endocrine organ that secretes
substances called adipokines, which also possess beneficial metabolic features, such as
adiponectin and leptin, contributing to the maintenance of homeostasis in glucose and
lipid metabolism in the whole body [32]. It is important for the benign expansion of fat
deposition in response to excess calories to possess efficient storage and release of fatty
acids in adipocytes and sufficient extensibility of the fat-vascular network [29].

In the eWAT of the AX-treated animals, we observed significant upregulated expres-
sion of vascular and neovascularization-related marker genes. Furthermore, the decrease in
the expression of MSCs and APs-related marker genes in SVF due to excessive obesity was
significantly prevented by AX treatment. This means that AX preserves and sustains MSC
and APs niche in AT. Thus, it may exert a beneficial preventive effect on lipodystrophic
diabetes caused by the exhaustion of progenitor cells and stem cells.

Previous studies have clearly demonstrated that adipogenesis is an important factor
to maintain the metabolic health of tissue, and the imbalance between cellular hypertrophy
and hyperplasia in AT depots is associated with metabolic disturbances [4–12]. Obesity
caused by the expansion of AT through adipogenesis is considered more metabolically
favorable, as it is associated with preserved insulin sensitivity, while a greater degree of
hypertrophy with less hyperplasia is associated with metabolic disorders [4,6,13–16]. We
recently reported that APs contribute to adipogenesis during the progression of obesity [33]
and M2 macrophages enhance adipogenesis through the recruitment of APs to preserver
systemic insulin sensitivity [6]. Similarly, AX treatment enhances adipogenesis and in-
duces the expression of metabolically favorable genes, including Pparγ and adiponectin,
suggesting that AX treatment results in the healthy metabolic adaptation of AT.

In the eWAT of AX-treated mice, the hypoxic response could be mediated by HIF-
2α, which is metabolically better than the HIF-1α-mediated response involved in the
inflammatory response. In the SVF of eWAT treated with AX, the genes for adipose
progenitor cells and cell markers constituting vasculature were elevated, suggesting the
possibility of more histologically robust vascularization and stabilization of the progenitor
cell niche.

While hypoxic response-mediated VEGF production in adipocytes contributes to
metabolic homeostasis through angiogenesis and beigeing/briting [34], it also promotes
macrophage infiltration into the AT [35]. Furthermore, the hypoxic response of infiltrated
MΦ leads to the retention of chronic inflammation and pathological remodeling of AT [20].

The hypoxic response described above is based on the results of studies using HIF-1α
whole body knockout or cell-specific knockout mice. Recently, it was shown from HIF-2α
knockout mice and from studies using HIF-2α transgenic macrophages that HIF-2α in
MΦ enhances anti-inflammatory effects and insulin sensitivity in contrast to HIF-1α in
AT [30]. Relatedly, it was reported from the results of PHD2 (Engl1) knockout mice that
pseudo-hypoxia induces a hypoxic response involving HIF-2α from HIF-1α- dominant
hypoxic response. These knockout mice demonstrated healthy AT expansion and normal
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glucose tolerance in obesity [29]. Thus, in AT, HIF-1α and HIF-2α were shown to play
contrasting roles in MΦ. In adipocytes, HIF-2α, similar to HIF-1α, plays an important role
in fat beigeing and cold-induced thermogenesis. In addition, it plays an important role in
atherosclerosis. As an important mechanism, HIF-2α enhances the degradation of ceramide
through the gene induction of alkaline ceramidase 2 (ACER2) [36]. As a result, it promotes
cold-induced thermogenesis and inhibits atherosclerosis. Thus, HIF-1 and HIF-2α possess
opposing functions in inflammation, although there is some overlap in their functions.
Especially in AT MΦ, the function of these two HIF isoforms in inflammation and insulin
resistance can be described as yin and yang. There should be a consideration of HIFs to
understand why these differences in function occur.

Perhaps these responses depend on the degree of oxygen tension in the region of the
tissue and the type of HIF molecules that responds to hypoxia. Generally, under aerobic
conditions, HIF-1/2α is usually hydroxylated by specific prolyl hydroxylases (PHDs) at
conserved proline residues situated within the oxygen-dependent degradation domain
(ODD) in a reaction, requiring molecular oxygen, 2-oxoglutarate, ascorbate, and Fe2+ as
a cofactor. HIF-1/2α hydroxylation promotes the binding of von Hippel–Lindau protein
(pVHL) to the HIF-1/2α ODD. pVHL forms the substrate recognition module of the E3
ubiquitin ligase complex and induces polyubiquitination and the proteasomal degradation
of HIF-1/2α. In hypoxia, PHD activity is inhibited, pVHL binding is blocked, and HIF-1α
and HIF-2α are stabilized. PDH activity is inhibited by ROSs, such as super oxide anion
radical and nitric oxide (NO), and certain metal ions [27,28,37]. Therefore, the hypoxic
response may also be enhanced by ROS. Although the mechanism of action of AX is
obscure, it has been shown to inhibit the transfer of HIF-1α into the nucleus in the 7,12-
dimethylbenz[a]anthracene (DMBA)-induced hamster buccal pouch (HBP) carcinogenesis
model [38]. As a matter of course, AT is a tissue that stores fat and features a large amount
of lipids. While the lipids provide energy, free saturated fatty acids act as mediators of
inflammation. Similarly, unsaturated fatty acids are peroxidated by various ROS generated
by NADPH oxidase and myeloperoxidase in immune cells, including monocytes such as
macrophages. In addition to direct lipid peroxidation by ROS generated by these enzymes,
a more potent peroxynitrite is generated by reaction with nitric oxide. Nitric oxide (NO)
production is also increased by the gene expression of iNOS (NOS2) and subunit 4-2 of
cytochrome c oxidase (COX4-2), which are targets of HIF-1α [28]. In addition to these
well-known ROS peroxidation reactions, it has recently become clear that singlet oxygen,
which was classically thought to be generated by photosensitization, is also generated
in vivo by reactions with myeloperoxidase and decomposing of peroxynitrite under dark
conditions [39]. Recently, it has also been reported that specific lipid peroxides modified
by singlet oxygen increase in the plasma at a relatively early stage of type 2 diabetes or
before the onset of the disease [40,41]. Thus, it is becoming clear that singlet oxygen is also
closely related to insulin resistance [39]. As a result, the hypoxia-induced accumulation
of M1 macrophages leads to synergistic cytotoxicity with the hypoxic response, and the
DAMPs generated by the cytotoxicity further accumulate M1 macrophages, creating a
vicious cycle including ROS-mediated oxidative stress. From these viewpoints, AX has a
remarkable inhibitory effect on the progression of the fat peroxidation chain reaction and
on the direct peroxidation of lipids by singlet oxygen [42,43]. It has also been reported that
AX inhibits the activation of the classical NFκB pathway through various cytokines and
NO stimulation in the strain of monocytes, RAW264.7, and thereby suppresses excessive
inflammatory responses [44]. In this study, the accumulation of AX was observed in the AT
of mice at a level that could be visually confirmed, suggesting that AX is close to the actual
effective dose.

It is necessary to consider HIF-2α rather than HIF-1α, as we found a significant
difference in the expression levels of HIF-2α in this study. The effects of PHDs on different
HIF isoforms are generally not equivalent, with PHD2 affecting HIF-1α more than HIF-2α
and PHD3 (Egln3) affecting HIF-2α more than HIF-1α. In addition, HIF-2α is hydroxylated
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by PHDs at a much lower efficiency than HIF-1α, resulting in the stable activation of
HIF-2α at higher oxygen concentrations than HIF-1α [27,45].

A further possible mechanism of action is that in skeletal muscle, HIF-2α may cooper-
ate with PGC-1α to promote muscle fiber switches, including capillary formation, which
may also occur in AT [46]. We previously found that AX induces AMPKα1/2-mediated
expression of PGC-1α in skeletal muscle and concomitant enhancement of vascular marker
genes [10]. In this case, induction was also observed in HIF-2α. Other authors have also
shown, in a model of skeletal muscle disuse atrophy, that AX intake can prevent ROS-
mediated skeletal muscle atrophy and also prevent capillary regression [47]. They also
demonstrated that AX suppressed vascular regression in a UV-induced skin aging model
using hairless mice [48]. In addition to this, our previous reports and the findings of the
present study indicate that the gene expression of ERRα and ERRγ is upregulated by the
administration of AX in skeletal muscle and eWAT [10]. It is known that the activation of
AMPKα2 leads to the induction not of only PGC-1α but also ERRα gene expression [49].
Genetic knockouts of ERRα and ERRγ impair tissue and vascular regeneration during
skeletal muscle injury, and these genes are also known to play an important role in the
formation of vasculatures [50,51]. It is still unclear whether this AX-induced enhancement
in the gene expression of ERRs were caused by AX acting as some kind of ligand or as a
result of AMPK activation, thus requiring further study.

The reason why the results of the AX intervention study for obesity with already
established pathology were more partial than those of the preventative administration was
probably because pathological remodeling was already developed in AT and the niches of
progenitor cells necessary for the healthy adipogenesis were already exhausted. Consistent
with this observation, eWATs in the control group decreased in weight from week 10 to
week 24, and they were more atrophic. However, it is possible to ameliorate glucose
intolerance caused by saturated free fatty acids by consuming fat in skeletal muscle or
partially in the liver with AX intervention. In this study, the obese mice did not receive
any exercise intervention. We previously demonstrated that the administration of AX is
beneficial for improving metabolic parameters in obesity in addition to “daily exercise” [10].
Therefore, in the case of use in humans, it is also preferable to intervene as early as possible
in obesity. Since this was complementary to exercise therapy, AX interventions should be
used in combination with exercise.

Our results indicate that AX suppresses ectopic fat in other tissues by maintaining
tissue integrity in AT by protecting the microenvironment of progenitor cells and stem
cells from inflammation. These results suggest that the supplementation of AX may be
beneficial for preventing not only metabolic syndrome, but also cardiovascular disease,
liver cirrhosis, liver cancer, diabetes and its complications, dementia, and other insulin
resistance-related cardio-metabolic complications. AX is considered a safe and viable
natural dietary source and it could be used for the treatment of various disorders. From the
perspective of maintaining the microenvironment, it may be useful not only for anti-aging
but also for the prevention of diseases that have not received much interest before. Further
studies are warranted to clarify the clinical implications of AX.

5. Conclusions

We conclude that AX treatment reduces oxidative stress and macrophage infiltration
into AT, maintains APs and MSC niches, prevents pathological AT remodeling, and im-
proves AT functions. In summary, AX is a natural compound that maintains the metabolic
tolerance and integrity of AT and contributes to its healthy functions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13124374/s1. Figure S1: Administration of AX leads to characteristic weight changes
against obesity induced by high-fat diet (HFD) in male C57BL/6J mice. Figure S2: AX partially
regulates oxidative stress response gene expressions in adipose tissue of HFD-induced obese male
C57BL/6J mice. Figure S3: AX administration decreased the expression of diverse inflammatory
markers in the eWAT compared to HFD treated control mice for 24 weeks. Figure S4. In 8 week old,
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high-fat diet-treated mice, AX treatment upregulated metabolism-related genes and downregulated
oxidative stress marker genes in eWAT compared to the control HFD group. Figure S5. AX treatment
transformed part of the inguinal subcutaneous adipose tissues (iWAT) in HFD mice to beige or bright.
Figure S6. AX administration decreased the expression of diverse inflammatory markers in the SVF
from eWAT compared to HFD-treated control mice for 24 weeks. Figure S7. AX administration also
decreased the expression of anti-inflammatory markers and oxidative stress markers in the SVF from
eWAT compared to HFD-treated control mice for 24 weeks. Figure S8. Intervention with AX in mice
after the completion of pathological obesity improved insulin resistance and glucose intolerance.

Author Contributions: A.N. (Allah Nawaz) and Y.N. generated the hypothesis of the manuscript.
A.N. (Allah Nawaz), Y.N., A.T., T.K. (Tomonobu Kado) and S.F. performed the experiments, acquired
and analyzed the data, and wrote the manuscript. M.B., M.R.A., A.A., A.N. (Ayumi Nishimura),
T.K. (Takahide Kuwano) and Y.W. helped in sample preparation and gene expression analysis. K.O.,
S.A., A.M., I.J., Y.I., K.Y., S.F., I.U. and T.N. helped in discussion and drafting of the manuscript. K.T.
supervised the project. All the authors approved the final version of the paper for publication. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by research grants from Japan Diabetes Foundation; the Uehara
Memorial Foundation; the Naito Foundation; Translational Research program, Strategic Promotion
for the Practical Application of Innovative Medical Technology (TR-SPRINT) from Japan Agency
for Medical Research and Development; Toyama New Industry Organization; Regional Innovation
Strategy Support Program of Ministry of Education, Culture, Sports, Science and Technology-Japan,
Hokuriku Life Science Cluster; Fuji Chemical Industries Co., Ltd.; Japan AstraZeneca K.K.; Merck &
Co., Inc.; Medical Review Co., Ltd.; Takeda Pharmaceutical Co., Ltd.; Mitsubishi Tanabe Pharma;
Novo Nordisk Pharma, Ltd.; Kowa Pharmaceutical Co., Ltd.; Astellas Pharma Inc.; Eli Lilly Co.,
Ltd.; Akurey Marketing Co., Ltd.; Sanofi Co., Ltd.; Daiichi Sankyo Co., Ltd.; MSD Co., Ltd.; Asahi
Kasei Pharma Co., Ltd.; Teijin Pharma Co., Ltd.; Japan Boehringer Ingelheim Co., Ltd.; and Ono
Pharmaceutical Co., Ltd. This work was also supported by Grants-in-Aid for Japan Society for the
Promotion of Science (JSPS) Fellow (18F18102 to T.N. and A.N.).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the animal experiment committee at the University
of Toyama.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data underlying the results are available as part of the article
and no additional source data are required.

Acknowledgments: The authors would like to thank the research assistants Ayaka Nishi, Yurie
Iwakuro, Qun Zhang and Kana Suguhara at the First Department of Internal Medicine, Faculty of
Medicine, University of Toyama. We would like to thank Tsutomu Wada, Toshiyasu Sasaoka and
Manabu Ishiki at University of Toyama, Takashi Maoka, Norihiko Misawa, Masashi Hosokawa,
Katsuhiro Yamano, Tomihisa Yokoyama, Hidekuni Takahagi Takashi Fujita, and Hiroyoshi Horikoshi
for useful discussions.

Conflicts of Interest: Y.N. is currently employed by Fuji Chemical Industries, Co., Ltd. All other
authors declare that there is no duality of interest associated with this manuscript.

References
1. Friedman, J.M. Obesity in the new millennium. Nature 2000, 404, 632–634. [CrossRef]
2. Cho, N.H.; Shaw, J.E.; Karuranga, S.; Huang, Y.; da Rocha Fernandes, J.D.; Ohlrogge, A.W.; Malanda, B. IDF Diabetes Atlas:

Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 2018, 138, 271–281. [CrossRef]
3. Reinehr, T. Type 2 diabetes mellitus in children and adolescents. World J. Diabetes 2013, 4, 270–281. [CrossRef]
4. Chait, A.; den Hartigh, L.J. Adipose Tissue Distribution, Inflammation and Its Metabolic Consequences, Including Diabetes and

Cardiovascular Disease. Front. Cardiovasc. Med. 2020, 7, 22. [CrossRef]
5. Balistreri, C.R.; Caruso, C.; Candore, G. The role of adipose tissue and adipokines in obesity-related inflammatory diseases.

Mediat. Inflamm. 2010, 2010, 802078. [CrossRef] [PubMed]
6. Nawaz, A.; Aminuddin, A.; Kado, T.; Takikawa, A.; Yamamoto, S.; Tsuneyama, K.; Igarashi, Y.; Ikutani, M.; Nishida, Y.; Nagai, Y.;

et al. CD206+ M2-like macrophages regulate systemic glucose metabolism by inhibiting proliferation of adipocyte progenitors.
Nat. Commun. 2017, 8, 286. [CrossRef] [PubMed]

http://doi.org/10.1038/35007504
http://doi.org/10.1016/j.diabres.2018.02.023
http://doi.org/10.4239/wjd.v4.i6.270
http://doi.org/10.3389/fcvm.2020.00022
http://doi.org/10.1155/2010/802078
http://www.ncbi.nlm.nih.gov/pubmed/20671929
http://doi.org/10.1038/s41467-017-00231-1
http://www.ncbi.nlm.nih.gov/pubmed/28819169


Nutrients 2021, 13, 4374 17 of 18

7. Heenan, K.A.; Carrillo, A.E.; Fulton, J.L.; Ryan, E.J.; Edsall, J.R.; Rigopoulos, D.; Markofski, M.M.; Flouris, A.D.; Dinas, P.C.
Effects of Nutrition/Diet on Brown Adipose Tissue in Humans: A Systematic Review and Meta-Analysis. Nutrients 2020, 12, 2752.
[CrossRef] [PubMed]

8. Landrier, J.F.; Marcotorchino, J.; Tourniaire, F. Lipophilic micronutrients and adipose tissue biology. Nutrients 2012, 4, 1622–1649.
[CrossRef] [PubMed]

9. Ishiki, M.; Nishida, Y.; Ishibashi, H.; Wada, T.; Fujisaka, S.; Takikawa, A.; Urakaze, M.; Sasaoka, T.; Usui, I.; Tobe, K. Impact of
divergent effects of astaxanthin on insulin signaling in L6 cells. Endocrinology 2013, 154, 2600–2612. [CrossRef]

10. Nishida, Y.; Nawaz, A.; Kado, T.; Takikawa, A.; Igarashi, Y.; Onogi, Y.; Wada, T.; Sasaoka, T.; Yamamoto, S.; Sasahara, M.;
et al. Astaxanthin stimulates mitochondrial biogenesis in insulin resistant muscle via activation of AMPK pathway. J. Cachexia
Sarcopenia Muscle 2020, 11, 241–258. [CrossRef] [PubMed]

11. Uchiyama, K.; Naito, Y.; Hasegawa, G.; Nakamura, N.; Takahashi, J.; Yoshikawa, T. Astaxanthin protects beta-cells against glucose
toxicity in diabetic db/db mice. Redox Rep. Commun. Free Radic. Res. 2002, 7, 290–293. [CrossRef]

12. Hussein, G.; Nakagawa, T.; Goto, H.; Shimada, Y.; Matsumoto, K.; Sankawa, U.; Watanabe, H. Astaxanthin ameliorates features of
metabolic syndrome in SHR/NDmcr-cp. Life Sci. 2007, 80, 522–529. [CrossRef]

13. Preuss, H.G.; Echard, B.; Yamashita, E.; Perricone, N.V. High dose astaxanthin lowers blood pressure and increases insulin
sensitivity in rats: Are these effects interdependent? Int. J. Med. Sci. 2011, 8, 126–138. [CrossRef] [PubMed]

14. Ni, Y.; Nagashimada, M.; Zhuge, F.; Zhan, L.; Nagata, N.; Tsutsui, A.; Nakanuma, Y.; Kaneko, S.; Ota, T. Astaxanthin prevents
and reverses diet-induced insulin resistance and steatohepatitis in mice: A comparison with vitamin E. Sci. Rep. 2015, 5, 17192.
[CrossRef]

15. Choi, H.D.; Youn, Y.K.; Shin, W.G. Positive effects of astaxanthin on lipid profiles and oxidative stress in overweight subjects.
Plant Foods Hum. Nutr. 2011, 66, 363–369. [CrossRef] [PubMed]

16. Uchiyama, A.O.Y. Clinical efficacy of astaxanthin-containing Haematococcus pluvialis extract for the volunteers at risk of
metabolic syndrome. J. Clin. Biochem. Nutr. 2008, 43, 38–43.

17. Yoshida, H.; Yanai, H.; Ito, K.; Tomono, Y.; Koikeda, T.; Tsukahara, H.; Tada, N. Administration of natural astaxanthin increases
serum HDL-cholesterol and adiponectin in subjects with mild hyperlipidemia. Atherosclerosis 2010, 209, 520–523. [CrossRef]

18. Mashhadi, N.S.; Zakerkish, M.; Mohammadiasl, J.; Zarei, M.; Mohammadshahi, M.; Haghighizadeh, M.H. Astaxanthin improves
glucose metabolism and reduces blood pressure in patients with type 2 diabetes mellitus. Asia Pac. J. Clin. Nutr. 2018, 27, 341–346.
[CrossRef]

19. Igarashi, Y.; Nawaz, A.; Kado, T.; Bilal, M.; Kuwano, T.; Yamamoto, S.; Sasahara, M.; Jiuxiang, X.; Inujima, A.; Koizumi, K.; et al.
Partial depletion of CD206-positive M2-like macrophages induces proliferation of beige progenitors and enhances browning after
cold stimulation. Sci. Rep. 2018, 8, 14567. [CrossRef]

20. Takikawa, A.; Mahmood, A.; Nawaz, A.; Kado, T.; Okabe, K.; Yamamoto, S.; Aminuddin, A.; Senda, S.; Tsuneyama, K.; Ikutani,
M.; et al. HIF-1alpha in Myeloid Cells Promotes Adipose Tissue Remodeling Toward Insulin Resistance. Diabetes 2016, 65,
3649–3659. [CrossRef] [PubMed]

21. Kadowaki, T.; Yamauchi, T.; Kubota, N.; Hara, K.; Ueki, K.; Tobe, K. Adiponectin and adiponectin receptors in insulin resistance,
diabetes, and the metabolic syndrome. J. Clin. Investig. 2006, 116, 1784–1792. [CrossRef] [PubMed]

22. Inoue, M.; Tanabe, H.; Matsumoto, A.; Takagi, M.; Umegaki, K.; Amagaya, S.; Takahashi, J. Astaxanthin functions differently as a
selective peroxisome proliferator-activated receptor gamma modulator in adipocytes and macrophages. Biochem. Pharm. 2012, 84,
692–700. [CrossRef] [PubMed]

23. Hernandez-Quiles, M.; Broekema, M.F.; Kalkhoven, E. PPARgamma in Metabolism, Immunity, and Cancer: Unified and Diverse
Mechanisms of Action. Front. Endocrinol. 2021, 12, 624112. [CrossRef]

24. Maurer, S.; Harms, M.; Boucher, J. The colorful versatility of adipocytes: White-to-brown transdifferentiation and its therapeutic
potential in humans. FEBS J. 2021, 288, 3628–3646. [CrossRef] [PubMed]

25. Nawaz, A.; Tobe, K. M2-like macrophages serve as a niche for adipocyte progenitors in adipose tissue. J. Diabetes Investig. 2019,
10, 1394–1400. [CrossRef]

26. Nawaz, A.; Mehmood, A.; Kanatani, Y.; Kado, T.; Igarashi, Y.; Takikawa, A.; Yamamoto, S.; Okabe, K.; Nakagawa, T.; Yagi, K.;
et al. Sirt1 activator induces proangiogenic genes in preadipocytes to rescue insulin resistance in diet-induced obese mice. Sci.
Rep. 2018, 8, 11370. [CrossRef] [PubMed]

27. Koh, M.Y.; Powis, G. Passing the baton: The HIF switch. Trends Biochem. Sci. 2012, 37, 364–372. [CrossRef] [PubMed]
28. Poyton, R.; Hendrickson, M. Crosstalk between nitric oxide and hypoxia-inducible factor signaling pathways: An update. Res.

Rep. Biochem. 2015, 5, 147–161. [CrossRef]
29. Michailidou, Z.; Morton, N.M.; Moreno Navarrete, J.M.; West, C.C.; Stewart, K.J.; Fernandez-Real, J.M.; Schofield, C.J.; Seckl, J.R.;

Ratcliffe, P.J. Adipocyte pseudohypoxia suppresses lipolysis and facilitates benign adipose tissue expansion. Diabetes 2015, 64,
733–745. [CrossRef] [PubMed]

30. Choe, S.S.; Shin, K.C.; Ka, S.; Lee, Y.K.; Chun, J.S.; Kim, J.B. Macrophage HIF-2alpha ameliorates adipose tissue inflammation and
insulin resistance in obesity. Diabetes 2014, 63, 3359–3371. [CrossRef]

31. Obradovic, M.; Sudar-Milovanovic, E.; Soskic, S.; Essack, M.; Arya, S.; Stewart, A.J.; Gojobori, T.; Isenovic, E.R. Leptin and
Obesity: Role and Clinical Implication. Front. Endocrinol. 2021, 12, 585887. [CrossRef] [PubMed]

http://doi.org/10.3390/nu12092752
http://www.ncbi.nlm.nih.gov/pubmed/32927664
http://doi.org/10.3390/nu4111622
http://www.ncbi.nlm.nih.gov/pubmed/23201837
http://doi.org/10.1210/en.2012-2198
http://doi.org/10.1002/jcsm.12530
http://www.ncbi.nlm.nih.gov/pubmed/32003547
http://doi.org/10.1179/135100002125000811
http://doi.org/10.1016/j.lfs.2006.09.041
http://doi.org/10.7150/ijms.8.126
http://www.ncbi.nlm.nih.gov/pubmed/21326955
http://doi.org/10.1038/srep17192
http://doi.org/10.1007/s11130-011-0258-9
http://www.ncbi.nlm.nih.gov/pubmed/21964877
http://doi.org/10.1016/j.atherosclerosis.2009.10.012
http://doi.org/10.6133/apjcn.052017.11
http://doi.org/10.1038/s41598-018-32803-6
http://doi.org/10.2337/db16-0012
http://www.ncbi.nlm.nih.gov/pubmed/27625023
http://doi.org/10.1172/JCI29126
http://www.ncbi.nlm.nih.gov/pubmed/16823476
http://doi.org/10.1016/j.bcp.2012.05.021
http://www.ncbi.nlm.nih.gov/pubmed/22732454
http://doi.org/10.3389/fendo.2021.624112
http://doi.org/10.1111/febs.15470
http://www.ncbi.nlm.nih.gov/pubmed/32621398
http://doi.org/10.1111/jdi.13114
http://doi.org/10.1038/s41598-018-29773-0
http://www.ncbi.nlm.nih.gov/pubmed/30054532
http://doi.org/10.1016/j.tibs.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22818162
http://doi.org/10.2147/RRBC.S58280
http://doi.org/10.2337/db14-0233
http://www.ncbi.nlm.nih.gov/pubmed/25377876
http://doi.org/10.2337/db13-1965
http://doi.org/10.3389/fendo.2021.585887
http://www.ncbi.nlm.nih.gov/pubmed/34084149


Nutrients 2021, 13, 4374 18 of 18

32. Funcke, J.B.; Scherer, P.E. Beyond adiponectin and leptin: Adipose tissue-derived mediators of inter-organ communication. J.
Lipid Res. 2019, 60, 1648–1684. [CrossRef]

33. Bilal, M.; Nawaz, A.; Kado, T.; Aslam, M.R.; Igarashi, Y.; Nishimura, A.; Watanabe, Y.; Kuwano, T.; Liu, J.; Miwa, H.; et al. Fate of
adipocyte progenitors during adipogenesis in mice fed a high-fat diet. Mol. Metab. 2021, 54, 101328. [CrossRef]

34. Sung, H.K.; Doh, K.O.; Son, J.E.; Park, J.G.; Bae, Y.; Choi, S.; Nelson, S.M.; Cowling, R.; Nagy, K.; Michael, I.P.; et al. Adipose
vascular endothelial growth factor regulates metabolic homeostasis through angiogenesis. Cell Metab. 2013, 17, 61–72. [CrossRef]

35. Fujisaka, S.; Usui, I.; Ikutani, M.; Aminuddin, A.; Takikawa, A.; Tsuneyama, K.; Mahmood, A.; Goda, N.; Nagai, Y.; Takatsu, K.;
et al. Adipose tissue hypoxia induces inflammatory M1 polarity of macrophages in an HIF-1alpha-dependent and HIF-1alpha-
independent manner in obese mice. Diabetologia 2013, 56, 1403–1412. [CrossRef]

36. Zhang, X.; Zhang, Y.; Wang, P.; Zhang, S.Y.; Dong, Y.; Zeng, G.; Yan, Y.; Sun, L.; Wu, Q.; Liu, H.; et al. Adipocyte Hypoxia-Inducible
Factor 2alpha Suppresses Atherosclerosis by Promoting Adipose Ceramide Catabolism. Cell Metab. 2019, 30, 937–951.e935.
[CrossRef] [PubMed]

37. Tabatabaie, T.; Potts, J.D.; Floyd, R.A. Reactive oxygen species-mediated inactivation of pyruvate dehydrogenase. Arch. Biochem.
Biophys. 1996, 336, 290–296. [CrossRef]

38. Kowshik, J.; Baba, A.B.; Giri, H.; Deepak Reddy, G.; Dixit, M.; Nagini, S. Astaxanthin inhibits JAK/STAT-3 signaling to abrogate
cell proliferation, invasion and angiogenesis in a hamster model of oral cancer. PLoS ONE 2014, 9, e109114. [CrossRef]

39. Onyango, A.N. The Contribution of Singlet Oxygen to Insulin Resistance. Oxidative Med. Cell. Longev. 2017, 2017, 8765972.
[CrossRef]

40. Murotomi, K.; Umeno, A.; Yasunaga, M.; Shichiri, M.; Ishida, N.; Abe, H.; Yoshida, Y.; Nakajima, Y. Switching from singlet-
oxygen-mediated oxidation to free-radical-mediated oxidation in the pathogenesis of type 2 diabetes in model mouse. Free Radic.
Res. 2015, 49, 133–138. [CrossRef]

41. Umeno, A.; Shichiri, M.; Ishida, N.; Hashimoto, Y.; Abe, K.; Kataoka, M.; Yoshino, K.; Hagihara, Y.; Aki, N.; Funaki, M.;
et al. Singlet oxygen induced products of linoleates, 10- and 12-(Z,E)-hydroxyoctadecadienoic acids (HODE), can be potential
biomarkers for early detection of type 2 diabetes. PLoS ONE 2013, 8, e63542. [CrossRef] [PubMed]

42. Miki, W. Biological functions and activities of animal carotenoids. Pure Appl. Chem. 1991, 63, 141–146. [CrossRef]
43. Nishida, Y.Y.E.; Miki, W. Quenching Activities of Common Hydrophilic and Lipophilic Antioxidants against Singlet Oxygen

Using Chemiluminescence Detection System. Carotenoid Sci. 2007, 11, 16–20.
44. Lee, S.J.; Bai, S.K.; Lee, K.S.; Namkoong, S.; Na, H.J.; Ha, K.S.; Han, J.A.; Yim, S.V.; Chang, K.; Kwon, Y.G.; et al. Astaxanthin

inhibits nitric oxide production and inflammatory gene expression by suppressing I(kappa)B kinase-dependent NF-kappaB
activation. Mol. Cells 2003, 16, 97–105.

45. Koivunen, P.; Hirsila, M.; Gunzler, V.; Kivirikko, K.I.; Myllyharju, J. Catalytic properties of the asparaginyl hydroxylase (FIH) in
the oxygen sensing pathway are distinct from those of its prolyl 4-hydroxylases. J. Biol. Chem. 2004, 279, 9899–9904. [CrossRef]

46. Rasbach, K.A.; Gupta, R.K.; Ruas, J.L.; Wu, J.; Naseri, E.; Estall, J.L.; Spiegelman, B.M. PGC-1alpha regulates a HIF2alpha-
dependent switch in skeletal muscle fiber types. Proc. Natl. Acad. Sci. USA 2010, 107, 21866–21871. [CrossRef]

47. Kanazashi, M.; Tanaka, M.; Murakami, S.; Kondo, H.; Nagatomo, F.; Ishihara, A.; Roy, R.R.; Fujino, H. Amelioration of capillary
regression and atrophy of the soleus muscle in hindlimb-unloaded rats by astaxanthin supplementation and intermittent loading.
Exp. Physiol. 2014, 99, 1065–1077. [CrossRef] [PubMed]

48. Li, X.; Matsumoto, T.; Takuwa, M.; Saeed Ebrahim Shaiku Ali, M.; Hirabashi, T.; Kondo, H.; Fujino, H. Protective Effects of
Astaxanthin Supplementation against Ultraviolet-Induced Photoaging in Hairless Mice. Biomedicines 2020, 8, 18. [CrossRef]
[PubMed]

49. Hu, X.; Xu, X.; Lu, Z.; Zhang, P.; Fassett, J.; Zhang, Y.; Xin, Y.; Hall, J.L.; Viollet, B.; Bache, R.J.; et al. AMP activated protein
kinase-alpha2 regulates expression of estrogen-related receptor-alpha, a metabolic transcription factor related to heart failure
development. Hypertension 2011, 58, 696–703. [CrossRef]

50. Matsakas, A.; Yadav, V.; Lorca, S.; Evans, R.M.; Narkar, V.A. Revascularization of ischemic skeletal muscle by estrogen-related
receptor-gamma. Circ. Res. 2012, 110, 1087–1096. [CrossRef]

51. LaBarge, S.; McDonald, M.; Smith-Powell, L.; Auwerx, J.; Huss, J.M. Estrogen-related receptor-alpha (ERRalpha) deficiency in
skeletal muscle impairs regeneration in response to injury. FASEB J. 2014, 28, 1082–1097. [CrossRef] [PubMed]

http://doi.org/10.1194/jlr.R094060
http://doi.org/10.1016/j.molmet.2021.101328
http://doi.org/10.1016/j.cmet.2012.12.010
http://doi.org/10.1007/s00125-013-2885-1
http://doi.org/10.1016/j.cmet.2019.09.016
http://www.ncbi.nlm.nih.gov/pubmed/31668872
http://doi.org/10.1006/abbi.1996.0560
http://doi.org/10.1371/journal.pone.0109114
http://doi.org/10.1155/2017/8765972
http://doi.org/10.3109/10715762.2014.985218
http://doi.org/10.1371/journal.pone.0063542
http://www.ncbi.nlm.nih.gov/pubmed/23691063
http://doi.org/10.1351/pac199163010141
http://doi.org/10.1074/jbc.M312254200
http://doi.org/10.1073/pnas.1016089107
http://doi.org/10.1113/expphysiol.2014.079988
http://www.ncbi.nlm.nih.gov/pubmed/24907028
http://doi.org/10.3390/biomedicines8020018
http://www.ncbi.nlm.nih.gov/pubmed/31973028
http://doi.org/10.1161/HYPERTENSIONAHA.111.174128
http://doi.org/10.1161/CIRCRESAHA.112.266478
http://doi.org/10.1096/fj.13-229211
http://www.ncbi.nlm.nih.gov/pubmed/24277576

	Introduction 
	Materials and Methods 
	Reagents 
	Animals 
	Body Composition Analysis 
	Realtime Reverse Transcription-Polymerase Chain Reaction (Realtime RT-PCR) 
	Glucose Tolerance Test and Insulin Tolerance Test 
	Flow Cytometry Analysis 
	Immunohistochemistry 
	Oxidative Stress Analysis 
	Statistical Analysis 

	Results 
	AX Inhibits Increases in Liver Weight, but Increases the Weight of Adipose Tissue upon High-Fat Diet Stimuli 
	AX Decreases Oxidative Stress in Adipose Tissue and Suppresses the Expression of Pro-Inflammatory Cytokine Genes 
	AX Reduces Inflammation of SVF in eWAT and Maintain Pool Size of Adipocyte Progenitors 
	AX Induces a Predominantly HIF-2, but Not HIF-1, Hypoxic Response in eWAT 
	Intervention with AX in Mice after the Completion of Pathological Obesity Improved Insulin Resistance and Glucose Intolerance 

	Discussion 
	Conclusions 
	References

