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Abstract
The epidemic of obesity and its complications is rapidly increasing worldwide. Recent drug discoveries established the
utility of prolyl hydroxylase domain (PHD) inhibitors as stabilizers of hypoxia-inducible factors (HIFs) in vivo, which are
currently in human clinical studies for the treatment of anemia in chronic kidney disease (CKD). These studies suggest a role
for PHD inhibitors in ameliorating obesity and hyperlipidemia. We hypothesized that HIF activation using a PHD inhibitor,
JTZ-951, protects from obesity-related diseases in the white adipose tissue (WAT), liver, and kidney in mice fed with high-
fat diet (HFD). Eight-week-old, C57BL/6J mice were fed with HFD for 20 weeks with or without JTZ-951(0.005%; mixed
in chow). Body weight and plasma non-high-density lipoprotein (HDL) cholesterol levels were significantly lower in the
JTZ-951 group as compared with the vehicle group. PHD inhibition improved liver steatosis, macrophage infiltration into
WAT and adipocyte fibrosis. In the kidney, PHD inhibition reduced albuminuria. Histologically, the number of F4/80-
positive infiltrating macrophages and mesangial expansion were milder in the JTZ-951 group. Relative mRNA expression of
adiponectin in WAT was higher in the JTZ-951-treated group and inversely correlated with hepatic steatosis score, adipocyte
macrophage aggregation, and albuminuria. Activation of HIF ameliorates multiple obesity-related consequences in mice
with HFD. The results of the present study offer the promising view that pharmacological PHD inhibition may be beneficial
for the treatment of obesity-related diseases that can be ameliorated by weight loss.

Introduction

Hypoxia-inducible factor (HIF) plays a central role in the
hypoxia response. HIF upregulates the transcription of 100–
200 target genes related to hypoxic adaptation, such as
erythropoietin (EPO), vascular endothelial growth factor
(VEGF), and glycolytic enzymes. HIF is a heterodimeric
transcription factor consisting of an oxygen-labile α and a

constitutively expressed β subunits. In normoxia, two con-
served proline residues in HIF-α are hydroxylated by prolyl
hydroxylase domain (PHD). Hydroxylated HIF-α is recog-
nized by the von Hippel–Lindau tumor suppressor protein
(pVHL), resulting in immediate proteasomal degradation
via polyubiquitination. By contrast, during hypoxia, PHD
activity is lost and HIF-α escapes degradation. HIF-α is then
able to translocate to the nucleus where it forms a hetero-
dimer with HIF-β. HIF heterodimers bind to hypoxia
response elements (HRE) in the regulatory regions of target
genes, resulting in transactivation of target genes. HIF-α has
2 major isoforms, HIF-1α and HIF-2α. HIF-2α is a major
regulator of erythropoietin expression [1]. Multiple lines of
evidence show that HIF activation protects the kidney from
injury, particularly acute kidney injury (AKI) [2–4].

HIF coordinates the physiologic response to systemic
anemia by altering EPO gene expression in the kidney and
liver, and by improving uptake and use of iron [5]. Based on
these observations, HIF activation is regarded as a promising
target for a next-generation erythropoiesis-stimulating agent,
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and several PHD inhibitors that have been developed as a
novel class of HIF-stabilizers and are currently in clinical
studies for the treatment of renal anemia.

Clinical trials of PHD inhibitors led to the unexpected
discovery of altered glucose and lipid metabolism. In
addition to the erythropoietic activity, sustained HIF acti-
vation showed pleiotropic effects, such as changes in glu-
cose levels, fat, and cholesterol metabolism [6–9]. For
example, roxadustat (FG-4592), which was originally
approved for the treatment of anemia in non-dialysis CKD
patients and/or hemodialysis (HD) patients [10–12], sig-
nificantly lowered total cholesterol levels in a dose-
dependent manner. Another PHD inhibitor, daprodustat,
also lowered low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) cholesterol levels in Japanese
HD patients [13].

Similar observations have been reported in animal
studies [14, 15]. FG-4497 decreased obesity, insulin
resistance and reduced liver and white adipose tissue
(WAT) weight, adipose size, and the number of
inflammation-associated WAT macrophage aggregates in
LDL receptor-deficient mice [15]. Matsuura et al. also
showed deletion of Phd2, the main oxygen sensor, in
adipocytes improved diet-induced obesity and associated
metabolic abnormalities [16].

The epidemic of obesity and obesity-related diseases,
such as dyslipidemia, hypertension, and type 2 diabetes, is
rapidly increasing worldwide [17]. The World Health
Organization reported in 2014 that more than 1.9 billion
adults, 18 years and older, were overweight and of these,
over 600 million were obese. Importantly, obesity itself is
closely associated with the development of cardiovascular
and hepatic diseases [18–20]. Obesity is also a risk factor of
CKD. Kidney disease induced by obesity is called obesity-
related glomerulopathy (ORG). Kambham et al. analyzed
native renal biopsy cases at Columbia University and
reported an increase in the prevalence of ORG from 0.2% in
1986–1990 to 2.0% in 1996–2000. In this study, doubling
of serum creatinine occurred in 14.3% of ORG and 3.6%
culminated in end-stage kidney disease (ESKD) requiring
renal replacement therapy during the mean 27 months of
follow-up periods [21]. The demographics is retained across
ethnic groups.

Major manifestations of ORG are proteinuria, and an
increase of glomerular filtration rate (GFR) associated with
hemodynamic changes. Renal pathology shows focal seg-
mental glomerulosclerosis (FSGS), glomerulosclerosis,
glomerulomegaly with mesangial proliferation, matrix
accumulation, and a decreased density of more focally
effaced and hypertrophied podocytes with milder foot pro-
cess fusion [22].

Ingestion of a high-fat diet (HFD) results in weight gain
and obesity in rodents [23] and humans [24].

Experimentally, HFD is also associated with development of
kidney disease [25], which closely resembles human ORG.

In this study, we hypothesized that HIF activation using a
PHD inhibitor, JTZ-951 [26], protects from obesity-related
multiple organ pathologies, such as adipose inflammation,
hepatic steatosis, and ORG, in mice fed with HFD.

Materials and methods

Animal experiments

C57BL/6J mice were used (CLEA Japan, Inc. Tokyo,
Japan). After 1 week of acclimatization, male C57BL/6J
mice aged 8 weeks were randomly divided into (1) normal
diet (ND; 3590 kcal/kg) (n= 3), (2) HFD (5062 kcal/kg,
62.2% kcal fat. [Oriental Yeast, Tokyo, Japan]) (n= 7) and
3) HFD with PHD inhibitor, JTZ-951 (provided from Japan
Tobacco inc., Osaka, Japan), 0.005% mixed in chow (n= 7)
groups.

Mice were fed for up to 20 weeks. Body weight (BW)
was measured at baseline and every 4 weeks. Mice were
housed in metabolic cages for 24 h for collection of urine at
20 weeks. After collecting urine at 20 weeks, mice were
euthanized, blood was taken by cardiac puncture, and the
kidneys, livers, and epididymal WAT were removed for
tissue analyses 6 h after starvation.

The animals were housed in a temperature- and light-
controlled environment and were allowed free access to
chow and water, unless otherwise indicated. All animal
experiments were approved by the ethics committee of the
Graduate School of Medicine (P16-011, P16-257), the
University of Tokyo, and performed in accordance with the
guideline established by the committee.

Histological analyses

Three micrometer formalin-fixed, paraffin-embedded sec-
tions were stained with hematoxylin–eosin (HE) (liver and
epididymal WAT) or with Periodic Acid-Schiff (PAS)
(kidney). Fibrosis in WAT was evaluated with Sirius red
staining. ImageJ software was used for quantitative eva-
luation in each slide. Hepatic steatosis was semi-
quantitatively scored as reported previously [27]. Ran-
domly selected fields were scored (0–4) based on the pro-
portion of affected areas, as follows: (0: normal, 1: < 25%,
2: 25–50%, 3: 50–75%, 4: > 75%), and averaged per indi-
vidual. All evaluation was performed in a blinded manner.

Immunohistochemistry

Either formalin-fixed or methyl-Carnoy’s-fixed, paraffin-
embedded tissues were sectioned at 3 µm for
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immunohistochemistry. The following primary antibodies were
used: polyclonal rabbit anti-WT-1 (Wilm’s tumor-1, used as a
podocyte-specific marker [28]) (1/500, Santa Cruz Biochem-
istry, Dallas, TX), monoclonal goat anti-type IV collagen (1/
800, Southern Biotech, Dallas, TX), rat anti-mouse F4/80 (1/
400, Bio-Rad Laboratories, Inc. Hercules, CA), and rabbit IgG
anti-HIF-1α (1/2500, Cayman Chemical, Ann Arbor, MI) for
evaluating podocyte injury, mesangial expansion, macrophage
infiltration, and HIF-1α expression. Negative controls included
omission of the incubation step with the primary antibody,
which yielded no specific staining.

Electron microscopy

Transmission electron microscope (TEM) obeservation was
performed in the kidney cortex. Kidney corteces were
promptly cut into 1 -mm3 pieces, fixed in 2.5% glutar-
aldehyde, and diluted 10-fold with 0.1 M phosphate buffer.
The sections were examined using a JEM-1011 electron
microscope (JEOL, Tokyo, Japan). The kidney block was
examined at high magnification (× 10,000). The degree of
foot process effacement was measured quantitatively by
calculating the percentage of the length of glomerular
basement membrane.

Hematocrit measurement

Hematocrit was measured at 4 and 20 weeks. Blood was
collected in glass capillary tubes and centrifuged at 12,000
rpm for 6 min. The volume of red blood cells was deter-
mined using a hematocrit chart.

Plasma data

Plasma fasting glucose was measured using glucose HK test
(Roche-Diagnostics, Basel, Switzerland). Plasma triglycer-
ide (TG) was measured with Determiner L TGII, and total
cholesterol (TC) and HDL cholesterol were measured with
Determiner L TCII (Kyowa Medex Co. Ltd., Tokyo, Japan).
Plasma creatinine was measured using aqua-auto KINOS
CRE-III plus (KAINOS Laboratories Inc., Tokyo, Japan).
Plasma adiponectin was measured with Mouse/Rat adipo-
nectin ELISA kit (Otsuka Pharmaceutical Co. Ltd., Tokyo,
Japan). Plasma aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) were measured with GOT
IFCC and GPT IFCC kit (Roche-Diagnostics, Basel, Swit-
zerland). Plasma erythropoietin concentration was measured
with Immunoelit EPO (Toyobo Co. Ltd., Osaka, Japan).

ELISA for albumin creatinine ratio

To measure urinary albumin creatinine ratio (ACR), mouse
albumin ELISA quantitation Set (Bethyl Laboratoeis,

Montgomery, TX) and creatinine kit (Wako, Osaka, Japan)
were used.

Real-time PCR analysis

RNA was isolated using RNAiso Plus (Takara, Shiga,
Japan) and reverse-transcribed with PrimeScript RT Master
Mix (Perfect Real Time, Takara, Shiga, Japan), according to
the supplier’s protocol. One-twentieth (vol/vol) of the syn-
thesized cDNA was used as a template for PCR quantifi-
cation. PCR was performed on CFX96 (Bio-rad, Hercules,
CA) with the THUNDERBIRD SYBR qPCR mix (Toyobo,
Osaka, Japan). Data were analyzed using the 2−ΔΔCt

method. Relative expression levels were calculated using β-
actin mRNA as a reference. Primers for quantification are
shown in Table 1.

In vitro studies

The possible effect of PHD inhibitors on macrophage
polarization was tested in RAW264.7 cells (RIKEN BRC,
Ibaraki, Japan). Cells were grown in DMEM, high glucose
(Nissui Seiyaku, Tokyo, Japan) supplemented with 10%
FBS. Cells grown on poly-L-lysine-coated culture plates
were treated with either the vehicle, 100 ng/ml interferon-
gamma (IFN-γ) (PeproTech Inc., Rocky Hill, NJ), or 20 ng/
ml interleukin (IL)-4 (PeproTech Inc., Rocky Hill, NJ), with
or without 10 µM JTZ-951. After 24 h of stimulation, cells
were harvested and subjected to mRNA quantification of
representative M1 and M2 macrophage markers.

Statistics

The results were given as means ± SD. Two-sided student’s
unpaired t test, Welch’s t test, and Mann–Whitney’s U test
were used for the data for two groups. Statistical differences
in multiple groups were analyzed by multivariate analysis of
variance (MANOVA), Tukey–Kramer test, and Steel–
Dwass test. Differences with P-values of < 0.05 were con-
sidered statistically significant. Analyses were performed
with JMP 13® software (SAS Institute Inc., Cary, NC).

Results

HIF stabilization by PHD inhibition in mice

JTZ-951 is a PHD inhibitor that is currently in phase 3
clinical trial for the treatment of renal anemia in Japan.

In a pilot study, HIF activation was confirmed by HIF-1α
immunohistochemistry in the kidney and liver. In the kid-
ney, HIF-1α was stained in the nuclei of glomerular and
tubular epithelial cells in the HFD+ JTZ-951 group,
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whereas there was no positive staining in the HFD group
(Fig. 1a). Accumulation of HIF-1α was observed in tubules
of both the cortex and medulla. The expression was marked
in distal convoluted tubules and collecting ducts, but was
evident in all tubular segments, confirming successful
activation of HIF with this method. In the liver, HIF-1α was
stained in hepatocytes of the HFD+ JTZ-951 group,
whereas there was no positive staining in the HFD group
(Fig. 1a). Activation of HIF in WAT was confirmed by
quantifying mRNA expression of HIF target genes. Relative
mRNA expression of SLC2A1 and PGK1 was significantly
increased by JTZ-951 in WAT (Fig. 1b).

To additionally demonstrate activation of HIF in our
model, hematocrit levels were measured at 4 and 20 weeks
(Fig. 1c). Hematocrit levels were significantly higher after
4 weeks (early phase), but the difference was not statisti-
cally significant at 20 weeks. A transient rise in hematocrit
levels is likely accounted for by the administered amount of
JTZ-951 corrected for body weight, which was higher at
4 weeks than at 20 weeks. In keeping with this, plasma
erythropoietin concentration, renal and hepatic EPO mRNA
did not differ significantly between treatment groups at
20 weeks (Fig. 1d, e).

JTZ-951 improved obesity

Next, we investigated the possible impact of JTZ-951 on
obesity, hyperlipidemia, and obesity-related diseases including
ORG, using C57BL/6J mice fed with HFD [29, 30].

The weight of mice at baseline was almost the same
among three groups, but mice became obese in the HFD and
HFD+ JTZ-951 groups, as compared with those in the ND
group, which became apparent from 4 weeks after

intervention (Fig. 2a) and this tendency continued until the
end. BW in the HFD+ JTZ-951 group was smaller than that
in the HFD group, which became significant from week 4
onwards. Notably, the average amount of food intake in the
HFD+ JTZ-951 group was significantly larger than that in
the HFD group (Fig. 2b; HFD 3.1 g/day vs. HFD+ JTZ-
951 3.8 g/day, P= 0.021).

JTZ-951 improved plasma non-HDL-cholesterol
levels

Plasma glucose, triglyceride (TG), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-c), non-HDL
cholesterol (nHDL-c), creatinine, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and adiponectin
were measured at the end of the experiment, after 6 h of
starvation period (Table 2). No significant difference in
plasma glucose levels was observed among three groups.
HFD feeding significantly increased plasma TC and HDL-c
levels, whereas JTZ-951 treatment did not significantly
influence these levels. On the other hand, JTZ-951 reduced
nHDL-c levels significantly, as compared with the HFD
group. Plasma adiponectin levels were not significantly
different among three groups.

JTZ-951 reduced the number of macrophages
infiltrating white adipose tissue (WAT), without
significant effects on epididymal WAT weight and
adipocyte size

Obesity is associated with an increase in WAT weight
(adipocyte enlargement), which is mechanistically linked
to chronic adipose tissue inflammation [31–33]. HFD

Table 1 A list of primers

Target genes Forward (sequence 5′→ 3′) Reverse (sequence 5′→ 3′)

β-actin 5′-CTTTCTACAATGAGCTGCGTG-3′ 5′-TCATGAGGTAGTCTGTCAGG-3′
EPO 5′-GAGGCAGAAAATGTCACGATG-3′ 5′-CTTCCACCTCCATTCTTTTCC-3′
SLC2A1 5′-GTGACGATCTGAGCTACGGG-3′ 5′-ACTCCTCAATAACCTTCTGGGG-3′
PGK1 5′-GGAGCGGGTCGTGATGA-3′ 5′-GCCTTGATCCTTTGGTTGTTTG-3′
TNF-α 5′-CATCTTCTCAAAATTCGAGTGACAA-3′ 5′-TGGGAGTAGACAAGGTACAACCC-3′
IL-6 5′-CCAGTTGCCTTCTTGGGACT-3′ 5′-GGTCTGTTGGGAGTGGTATCC-3′
MCP-1 5′-ACTGAAGCCAGCTCTCTCTTCCTC-3′ 5′-TTCCTTCTTGGGGTCAGCACAGAC-3′
RANTES 5′-CCTCACCATATGGCTCGGAC-3′ 5′-ACGACTGCAAGATTGGAGCA-3′
CCR-2 5′-TCAGCTGCCTGCAAAGACCAG-3′ 5′-CATACGGTGTGGTGGCCCCT-3′
CCR-5 5′-AACTCTGGCTCTTGCAGGATGGA-3′ 5′-GAGATGGCCAGGTTGAACAGGT-3′
adiponectin 5′-GTCAGTGGATCTGACGACACCAA-3′ 5′-ATGCCTGCCATCCAACCTG-3′

Erythropoietin (EPO), solute carrier family 2 member 1 (SLC2A1) and phosphoglycerate kinase 1 (PGK1) were used as HIF target genes. Tumor
necrosis factor-α (TNF-α), interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, regulated on activation normal T cell expressed and
secreted (RANTES), chemokine (C–C motif) receptor 2 (CCR-2), and chemokine (C–C motif) receptor 5 (CCR-5) were used as inflammation
markers. Adiponectin was quantified in WAT.
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increased epididymal WAT weight, but it did not change
between HFD and HFD+ JTZ-951 groups (Fig. 3a), which
was consistent after adjustment for BW (Fig. 3b). Adipocyte
areas were also enlarged by HFD, whereas JTZ-951 did not
significantly change these parameters (Fig. 3c, d). On the
other hand, HFD facilitated macrophage infiltration to adi-
pocytes and the number of crown-like structures (CLS)
significantly increased, whereas JTZ-951 offset these
changes (Fig. 3c, e). HFD also induced fibrosis in WAT,
which was improved by JTZ-951 (Fig. 3c, f). There was a
strong correlation between the number of CLS and the
degree of fibrosis (Fig. 3g). In addition, relative mRNA
expression of inflammatory markers was quantified. Several
of the markers, such as TNF-α, MCP-1, and CCR-5, were
significantly increased by HFD, whereas JTZ-951 treatment
only canceled an increase in TNF-α mRNA (Fig. 3h).

Relative mRNA expression of adiponectin was significantly
smaller in the HFD group, and JTZ-951 treatment sig-
nificantly increased mRNA expression of adiponectin
(Fig. 3h).

To test for the potential impact of PHD inhibitors on
macrophage polarization, we stimulated RAW264.7 cells
with JTZ-951, under non-polarized, M1-polarized (IFN-γ),
or M2-polarized (IL-4) conditions (Fig. 4). In non-polarized
conditions, JTZ-951 induced iNOS and arginase mRNA,
whereas in IFN-γ-treated conditions, it significantly sup-
pressed TNF-α mRNA and increased iNOS and CD163
mRNA. In IL-4-treated conditions, on the other hand, JTZ-
951 did not significantly change the expression of all M1
and M2 markers tested. These results imply that PHD
inhibition by JTZ-951 does not significantly influence
polarization of macrophages in a cell-autonomous manner.

Fig. 1 HIF expression after treatment with PHD inhibitors in mice. a
HIF-1α expression in kidneys and livers of mice. In the high-fat diet
(HFD)+ JTZ-951 group, nuclear staining was observed in tubular
epithelial cells both in the cortex and medulla and in hepatocytes,
whereas in the HFD group, there was no specific staining (× 400, bars
= 30 µm). b Relative mRNA expression of solute carrier family 2
member 1 (SLC2A1) and phosphoglycerate kinase 1 (PGK1) in WAT.
Data are shown as means ± SD. Unpaired two-sided t test. †P < 0.05
compared with HFD group. (HFD, n= 7; HFD+ JTZ-951, n= 7). c

Hematocrit levels at 4 and 20 weeks. Data are shown as means ± SD.
Unpaired two-sided t test. †P < 0.05 compared with HFD group (HFD,
n= 7; HFD+ JTZ-951, n= 7). d Plasma erythropoietin levels. Data
are shown as means ± SD. Unpaired two-sided t test (HFD, n= 7;
HFD+ JTZ-951, n= 7). e Erythropoietin (EPO) mRNA expression in
kidneys and livers at 20 weeks. Data are shown as means ± SD.
Unpaired two-sided t test [kidney] and Mann–Whitney’s U test [liver]
(HFD, n= 7; HFD+ JTZ-951, n= 7)
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JTZ-951 improved hepatic steatosis

Hepatic steatosis is an underlying feature of nonalcoholic
fatty liver disease, which is the most common form of liver
disease and is present in up to 70% of obese individuals
[34]. Hepatic steatosis is characterized by macro and micro
vesicles of fat, predominately triglycerides, accumulate
within hepatocytes [35].

In our study, HFD caused hepatic steatosis in mice
(Fig. 5a). Semi-quantitative evaluation of hepatic steatosis
revealed significant improvement by JTZ-951 treatment
(Fig. 5b). Real-time PCR showed that mRNA expression of
MCP-1, CCR-2, RANTES, and CCR-5 was significantly
induced by HFD, whereas JTZ-951 treatment canceled an
increase in MCP-1 mRNA. Albeit not significant, quantifi-
cation of additional inflammation markers, such as IL-6,
TNF-α, and CCR-2, showed similar tendency (Fig. 5c).
Liver injury was evaluated by measuring plasma AST and
ALT levels. HFD induced non-significant increases in AST
and ALT levels, which tended to be smaller in the HFD+
JTZ-951 group, although they were not significant, likely
reflecting inherent variability of the model (Table 2).

JTZ-951 reduced albuminuria, glomerular
macrophage infiltration, and mesangial expansion

ORG induces albuminuria, glomerulomegaly, mesangial
expansion, and focal segmental glomerulosclerosis
(FSGS). In this study, HFD increased levels of urinary
albumin creatinine ratio (ACR) at 20 weeks, which were
significantly smaller in the HFD+ JTZ-951 group

(Fig. 6a). In histological evaluation, HFD tended to
induce glomerulomegaly (HFD vs. ND, P= 0.0677), but
JTZ-951 treatment did not improve glomerular tuft area
compared with the HFD group (Fig. 6b, c). On the other
hand, type IV collagen-positive areas were significantly
smaller by JTZ-951 treatment, suggesting that JTZ-951
improved mesangial expansion induced by HFD (Fig. 6b,
d). In addition, the number of F4/80-positive macrophages
in the glomeruli was also smaller in the HFD+ JTZ-951
group, suggesting that JTZ-951 reduced macrophage
infiltration into the glomeruli (Fig. 6b, e).

Loss of glomerular podocytes, as well as structural
derangement of foot processes, has been implicated in the
development of albuminuria, which we evaluated further.
Although HFD did not reduce the number of WT-1-
positive podocytes (Fig. 6b, f), podocyte foot process
effacement was clearly observed by electron microscopy,
compared with the ND group (Fig. 7a, b). JTZ-951
treatment did not significantly improve the extent of foot
process effacement (Fig. 7a, b). In this model, a non-
significant tendency was observed between the level of
ACR and the extent of foot process effacement, suggest-
ing that additional factors other than foot process efface-
ment might contribute to the development of albuminuria
(Fig. 7c).

Kidney injury was evaluated by measuring plasma
creatinine levels. Plasma creatinine level tended to be higher
in both HFD-treated groups (HFD vs ND, P= 0.10; HFD
+ JTZ-951 vs. ND, P= 0.077), but JTZ-951 treatment
had no recognizable effects on plasma creatinine levels
(Table 2).

Fig. 2 Changes in body weight and food intake. a Body weight (BW)
was measured at baseline and every 4 weeks. Data are shown as
means ± SD. Multivariate analysis of variance (MANOVA). *P < 0.05
compared with the normal diet (ND) group. **P < 0.01 compared with

the ND group. ‡P < 0.01 compared with the HFD group (HFD, n= 7;
HFD+ JTZ-951, n= 7; normal diet [ND], n= 3). b Time-course
changes in food intake from baseline to 20 weeks. The amount of food
intake was calculated every week

1222 H. Saito et al.



mRNA expression of adiponectin negatively
correlated with BW, hepatic steatosis, and ACR

It has been reported that plasma adiponectin levels nega-
tively correlate with BW and ACR. In CKD, however,
plasma adiponectin levels are higher due to disturbances in
renal biodegradation and elimination [36]. Therefore, these
associations may be variable. In this regard, we evaluated
the correlation between mRNA expression of adiponectin
and BW, hepatic steatosis and ACR (Fig. 8a–c). Adipo-
nectin mRNA expression was inversely correlated with BW
(Fig. 8a), scores of hepatic steatosis (Fig. 8b), and ACR at
20 weeks (Fig. 8c).

On the other hand, plasma adiponectin levels, which
were higher in the HFD and HFD+ JTZ-951 groups com-
pared with the ND group (Table 2), did not correlate with
these parameters (Fig. 8d–f).

Discussion

The present study highlights the net systemic effect of a
PHD inhibitor, JTZ-951, on obesity and associated multiple
organ pathology, such as WAT inflammation, hepatic
steatosis, and glomerular injury, toward protection.

Obesity causes an increase in WAT weight by adipocyte
enlargement, which is associated with chronic inflammation
in adipose tissue [31–33]. Previous reports showed that
PHD inhibition reduced not only BW but also WAT growth
[15, 16, 27]. In this study, however, obesity induced by
HFD was significantly improved by JTZ-951 treatment, but
the weight and the area of epididymal WAT did not sig-
nificantly decrease, even after adjustment for BW. The
effect of JTZ-951 treatment on epididymal WAT was
observed in the reduction of the number of CLS.

Obesity causes an increase in WAT weight, but it seems
to reach a plateau at an earlier time point as compared with
other parameters. Strissel et al. showed that adipose size and
epididymal WAT weight of HFD fed mice were the highest
at 12 weeks, which then began to decrease. This was in
contrast to changes in liver weight that started to increase
after the epididymal WAT growth completed [37]. There-
fore, although we were unable to observe decreases in the
weight and the area of epididymal WAT at 20 weeks by
JTZ-951 treatment, measurement at an earlier time point
might have revealed an effect. In addition, adipocyte area is
significantly greater in the subcutaneous depots than in the
visceral fat, both in db/db and ob/ob obese mice, suggesting
a differing sensitivity to HFD [38]. Therefore, there is also a
possibility that measurement of other visceral or sub-
cutaneous fats might have revealed a reduction by JTZ-951.

CLS is defined as a cluster of macrophages which are
localized at the periphery of exclusively dead adipocytes. InTa
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these lesions, macrophages phagocytize and process adi-
pocytes [39]. In obese WAT, adipocyte hypertrophy
becomes apparent and dead adipocytes increase together

with a higher frequency of CLS, suggesting that adipocyte
death is one driver of the infiltration of macrophages [37].
Maruno et al. showed the correlation between mean
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adipocyte areas and CLS density in visceral depots [38]. In
this study, the number of CLS increased by HFD, which
was significantly reduced by JTZ-951. These changes cor-
related with the extent of adipocyte interstitial fibrosis, to be
consistent with a previous report [40].

Macrophages infiltrating into WAT promote obesity-
induced inflammation. These macrophages secrete inflam-
matory mediators, such as TNF-α, IL-6, and MCP-1, which
are elevated in WAT in obese mice and humans [41, 42].
Our results showed that HFD upregulated adipocyte mRNA
expression of these inflammatory markers except for IL-6,
and JTZ-951 treatment canceled the upregulation of adi-
pocyte mRNA expression of TNF-α in mice on an HFD.
Lack of hepatic IL-6 mRNA induction in our study may be
accounted for by the transient induction at earlier time point
(week 16) as compared with persistent upregulation of TNF-
α and MCP-1 at later stages (week 20) [37].

Preceding studies report on multifactorial roles of HIF on
adipocyte growth, obesity, and insulin resistance. On the
one hand, HIF-1 suppresses white adipocyte oxidative
metabolism and leads to white adipose accumulation,
inflammation, and insulin resistance, which was demon-
strated in adipocyte-specific HIF-1β or HIF-1α knockout

mice [43, 44]. On the other hand, mice with systemic HIF
activation by pharmacological PHD inhibitor, FG-4497, and
Phd2 hypomorphic mice showed reductions in white adi-
pose weight, adipocyte area, and macrophage infiltration
[27]. In addition, adipocyte-specific Phd2 knockout mice
similarly reduced body weight, adipocyte area, and mac-
rophage infiltration [16]. The results of our study clearly
indicate an anti-obesity effect of systemic PHD inhibition,
and we surmise that JTZ-951 induced other HIF-dependent
or independent events that have possibly overridden the
pro-obesity effect of HIF-1 in white adipocytes.

The protective effect of JTZ-951 on fatty changes of the
liver is consistent with previous studies [27]. Hepatic stea-
tosis induced by HFD was significantly ameliorated by JTZ-
951 treatment, which was associated with a decreasing
tendency of plasma AST and ALT levels. Relative mRNA
expression of inflammatory markers also tended to decrease
by JTZ-951 treatment, though all inflammatory markers did
not reach statistical significance, except for MCP-1.

Although HFD for 20 weeks induced hepatic steatosis
and an increase of mRNA expression of many of inflam-
matory markers, HFD did not significantly induce mRNA
expression of IL-6 and TNF-α in our study. However, lack
of the induction of these cytokines should be interpreted
within the following current understandings. TNF-α has a
role in developing hepatic steatosis. But some studies sug-
gested that hepatic steatosis was not dependent on TNF-α
[45, 46]. In addition, the contribution of IL-6 in obesity-
induced inflammation is multidirectional, and some studies
showed hepatoprotective and hepatoproliferative effects of
IL-6 upon injury [47, 48].

Preceding studies demonstrated that the stabilization of
HIF-2α upregulated insulin receptor substrate 2 (Irs2),
thereby repressing sterol regulatory element-binding protein
1c (Srebp1c) and fatty acid synthase (Fas) [49, 50]. In our
study, however, Srebp1c, Fas, and Irs2 mRNA expression
did not differ significantly irrespective of JTZ-951 treatment
(data not shown). Notably, mRNA expression of adipo-
nectin was upregulated by JTZ-951, which was paralleled
by improvement in obesity. Adiponectin, one of the most
abundant and adipose tissue-specific adipokines, has an
anti-steatotic effect on the hepatocytes, because of an
increase of free fatty acid oxidation and a decrease of glu-
coneogenesis, free fatty acid influx and de novo lipogenesis
[51]. Adiponectin also has anti-inflammatory and anti-
fibrotic effects. Its anti-inflammatory effect is mainly
achieved by suppressing inflammatory mediators, such as
TNF-α and IL-6, and inducing anti-inflammatory mediators.

Some studies suggested a predictive role of hypoadipo-
nectinaemia in hepatic steatosis [52, 53]. In addition, a
systematic review showed a direct association between an
increase in adiponectin levels by thiazolidinediones treat-
ment and hepatic histological improvement [54]. These

Fig. 3 The effect of JTZ-951 on epididymal white adipose tissue of
mice with HFD. a Weight of white adipose tissue (WAT). Data are
shown as means ± SD, Tukey–Kramer test. **P < 0.01 compared with
the ND group (HFD, n= 7; HFD+ JTZ-951, n= 7; ND, n= 3). b
WAT weight adjusted for BW. Data are shown as means ± SD,
Tukey–Kramer test. **P < 0.01 compared with ND group (HFD, n=
7; HFD+ JTZ-951, n= 7; ND, n= 3). c HE staining, F4/80 and Sirius
red staining of WAT in the HFD, HFD+ JTZ-951 and ND groups.
Arrows in F4/80 staining showed crown-like structure (CLS) in the
HFD group (× 200, bars= 50 µm). d Adipocyte size in the HFD, HFD
+ JTZ-951 and ND groups. Data are shown as means ± SD, Tukey–
Kramer test. **P < 0.01 compared with the ND group (HFD, n= 7;
HFD+ JTZ-951, n= 7; ND, n= 3). e Number of CLS per slide in
HFD, HFD+ JTZ-951 and ND groups. Data are shown as means ±
SD, Tukey–Kramer test. *P < 0.05 compared with the ND group. †P <
0.05 compared with the HFD group (HFD, n= 7; HFD+ JTZ-951, n
= 7; ND, n= 3). f The area of Sirius red-positive staining (%) in the
HFD, HFD+ JTZ-951 and ND groups. Data are shown as means ±
SD, Tukey–Kramer test. †P < 0.05 compared with the HFD group
(HFD, n= 7; HFD+ JTZ-951, n= 7; ND, n= 3). g The relationship
between the number of CLS (/slide) and the degree of fibrosis by Sirius
red staining (%) (HFD, n= 7; HFD+ JTZ-951, n= 7; ND, n= 3). h
Relative mRNA expression of inflammatory markers and adiponectin.
Relative mRNA expression of inflammatory markers, such as inter-
leukin (IL)-6, tumor necrosis factor-α (TNF-α), monocyte chemoat-
tractant protein (MCP)-1, chemokine (C–C motif) receptor 2 (CCR-2),
regulated on activation normal T cell expressed and secreted
(RANTES) and chemokine (C–C motif) receptor 5 (CCR-5), were
quantified in WAT of the HFD, HFD+ JTZ-951, and ND groups.
Similarly, relative mRNA expression of adiponectin was quantitatively
evaluated. Data are shown as means ± SD, Tukey–Kramer test was
used except for adiponectin (Steel–Dwass test). *P < 0.05 compared
with the ND group. **P < 0.01 compared with the ND group. ‡P <
0.01 compared with the HFD group (HFD, n= 7; HFD+ JTZ-951, n
= 7; ND, n= 3)
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results support that there is an additional pathway to
improve hepatic steatosis through an increase of mRNA
expression of adiponectin in WAT.

In the kidney, JTZ-951 treatment reduced levels of ACR
at 20 weeks. Glomerular tuft area became larger by HFD,
albeit not statistically significant because of a limited
number of animals in the ND group (HFD vs. ND groups,
P= 0.0677). In addition, mesangial expansion by type IV
collagen and macrophage infiltration into the glomeruli by
F4/80 also tended to increase by HFD, though there was no

statistical significance because of a limited number of ND-
fed mice. But, significant decreases of mesangial expansion
and macrophage infiltration into the glomeruli were
observed by JTZ-951 treatment in mice with a HFD. These
results suggest that JTZ-951 treatment caused the structural
and functional changes in the kidney and resulted in
reduction of level of ACR.

HIF has an important role in inflammatory responses
mediated by neutrophils and macrophages. However, it
influences multidirectional pathogenic pathways and the net

Fig. 4 The impact of JTZ-951 on macrophage polarization. The
potential impact of PHD inhibitors on macrophage polarization was
tested in RAW264.7 cells. Both M1 (TNF-α, iNOS) and M2 (arginase,
CD206, CD163) markers were quantitatively evaluated in non-

polarized, M1-polarized (IFN-γ-treated), and M2-polarized (IL-4-
treated) conditions, in the presence or absence of JTZ-951. Data are
shown as means ± SD, Unpaired two-sided t test. *P < 0.05; **P <
0.01, respectively. n= 4)
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effects appear to depend on the pathological context. Some
studies reported that Phd2 inhibition resulted in an exag-
gerated inflammatory response associated with higher neu-
trophil motility [55], and HIF activation facilitated
macrophage migration via metabolic shift toward glycolysis
[56]. On the other hand, macrophage infiltration into WAT
was significantly suppressed by PHD inhibition in animal
obesity models, irrespective of improvement in obesity [15,
16], suggesting that PHD inhibition act to reduce macro-
phage infiltration in the context of obesity. In addition,
myeloid-specific deletion of Hif-1α was sufficient to pro-
mote inflammation in the mouse model of tubulointerstitial
fibrosis [57]. These findings are in keeping with the anti-
inflammatory role of PHD inhibition as observed in this

study. In addition to glomerular inflammation, oxidative
stress is also a candidate driver for the development of
albuminuria. However, levels of urinary 2-thiobarbituric
acid reactive substances (TBARS) did not differ between
the HFD and HFD+ JTZ-951 groups (HFD 0.32 vs. HFD
+ JTZ-951 0.48 µmol/mgCr, P= 0.20), which makes it less
likely as a major factor accounting for the reduction of
albuminuria.

Podocytes form complicated foot process within the
glomerulus, whose specialized touches wrap up glomerular
capillaries shaping the slit diaphragms that protect large
proteins from entering the urine. Selective injury to podo-
cytes can lead to primary kidney diseases, for example,
FSGS with podocyte loss [58, 59]. Podocyte loss is

Fig. 5 The effect of JTZ-951 on the livers of mice fed a HFD. a HE
staining of the liver in HFD, HFD+ JTZ-951, and ND groups (× 40,
bars= 300 µm). b Scoring of hepatic steatosis in the HFD, HFD+
JTZ-951, and ND groups. Data are shown as means ± SD, Tukey–
Kramer test. **P < 0.01 compared with ND group. †P < 0.05 compared
with the HFD group (HFD, n= 7; HFD+ JTZ-951, n= 7; ND, n= 3).

c Relative mRNA expression of inflammatory markers. mRNA for IL-
6, TNF-α, MCP-1, CCR-2, RANTES, and CCR-5 were quantitatively
evaluated. Data are shown as means ± SD, Tukey–Kramer test. *P <
0.05 compared with the ND group. **P < 0.01 compared with the ND
group. †P < 0.05 compared with the HFD group (HFD, n= 7; HFD+
JTZ-951, n= 7; ND, n= 3)
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similarly observed in systemic diseases, such as diabetic
kidney disease [60], obesity, and the metabolic syndrome
[61], which leads to the formation of sclerosing areas and
possibly accounts for CKD progression [62]. In this study,
JTZ-951 treatment did not significantly improve the degree

of foot process effacement, suggesting that JTZ-951 treat-
ment reduced albuminuria by acting on other components
and pathways of injury.

Interestingly, this study also showed a negative correla-
tion between relative mRNA expression of adiponectin in

Fig. 6 The effects of JTZ-951 on obesity-related kidney injury. a
Albumin creatinine ratio (ACR) was measured at 20 weeks. Note that
one mouse in the HFD group escaped ACR quantification because of
the insufficient amount of urine collection. Data are shown as means ±
SD, Unpaired two-sided t test was used between the HFD and HFD+
JTZ-951 groups. †P < 0.05 compared with the HFD group (HFD, n=
6; HFD+ JTZ-951, n= 7; ND, n= 3). b PAS staining, immunohis-
tochemistry of type IV collagen, F4/80, and WT-1 (Wilm’s tumor-1)
staining of the kidney in the HFD, HFD+ JTZ-951, and ND groups
(× 600, bars= 20 µm). c Glomerular tuft area was measured using by
ImageJ. Data are shown as means ± SD (HFD, n= 7; HFD+ JTZ-951,

n= 7; ND, n= 3). d Quantification of type IV collagen in the glo-
meruli. Data are shown as means ± SD, Welch’s t test was used
between the HFD and HFD+ JTZ-951 groups. †P < 0.05 compared
with HFD group (HFD, n= 6; HFD+ JTZ-951, n= 7; ND, n= 3). e
Quantification of infiltrating macrophages in the glomeruli. Data are
shown as means ± SD, Unpaired two-sided t test was used between the
HFD and HFD+ JTZ-951 groups. ‡P < 0.01 compared with the HFD
group. (HFD, n= 7; HFD+ JTZ-951, n= 7; ND, n= 3). f Quantifi-
cation of the podocyte number by WT-1 counts. Data are shown as
means ± SD. (HFD, n= 7; HFD+ JTZ-951, n= 7; ND, n= 3)
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epididymal WAT and BW, scores of hepatic steatosis and
levels of ACR, although there were no such correlations
between plasma adiponectin levels and these parameters.
Adiponectin, which is secreted from adipose tissues, has
many roles involved in anti-inflammatory, anti-
atherosclerotic pathways, in addition to improving insulin
sensitivity. Adiponectin is rapidly cleared from the circu-
lation primarily from the liver (in part via the biliary routes)
[63], and secondarily from the kidney [64]. In a metaboli-
cally challenged status, such as HFD-induced obesity and
diabetes with the ob/ob background, these mechanisms are
perturbed, possibly reflecting a dramatic drop in adiponectin
production levels [64]. The net plasma adiponectin levels
are downregulated in obesity and appear to contribute to the
pathophysiology of insulin resistance, type 2 diabetes, and
cardiovascular disease in obese or overweight patients.
Plasma adiponectin levels inversely correlated with low-
grade albuminuria in humans [65, 66] and mice. In condi-
tions of reduced glomerular filtration rate (GFR), however,
adiponectin levels are overall higher and elevated adipo-
nectin is reported as a predictor for mortality in CKD stages
3 and 4 patients [67]. In this study, HFD for 20 weeks
resulted in a non-significant increase in plasma creatinine
levels (HFD vs. ND group, P= 0.10), meaning that GFR
was smaller. This might account for the apparent dis-
crepancy of why plasma adiponectin level did not decrease

in the HFD and HFD+ JTZ-951 groups, as compared with
the ND group. On the other hand, mRNA expression of
adiponectin in WAT negatively correlated with BW, the
degree of hepatic steatosis and ACR levels. These results
suggest that an increase in adiponectin mRNA by JTZ-951
treatment was associated with improvements in obesity,
hepatic steatosis, and glomerular injury. It is also suggested
that, in the CKD population, adiponectin mRNA expression
may have an important predicting value for estimating liver
and kidney injury induced by obesity.

The results of the present study should be interpreted
within the range of certain limitations. For practical rea-
sons, the sample size for the control animals was small as
compared with other groups. Thus, the effects of high-fat
diet might have been confounded by type 2 errors. In
addition, the statistical tests used generally perform
poorly when sample sizes of groups are heterogeneous.
Despite these limitations, we firmly believe that the
overall anti-obesity effect of PHD inhibitors, as repre-
sented by milder adipose inflammation, reductions in
hepatic steatosis and glomerular injury, is an important
milestone for exploring further the net systemic effects of
HIF activation in human clinical settings; multiple lines of
human clinical studies of PHD inhibitors are currently
ongoing in order to address the therapeutic effect on
anemia in CKD.

Fig. 7 Podocyte foot process morphology by electron microscopy. a
Podocyte foot process in the HFD, HFD+ JTZ-951, and ND groups.
An arrow indicates foot process effacement in the HFD group (×
10,000, bars= 500 µm). b The area of foot process effacement (%)
was quantitatively evaluated. Data are shown as means ± SD (HFD, n

= 7; HFD+ JTZ-951, n= 7; ND, n= 3). c The relationship between
ACR levels and the area of foot process effacement. ACR and foot
process effacement were calculated in each mouse and plotted in a
single graph. Data are shown as means ± SD (HFD, n= 6; HFD+
JTZ-951, n= 7; ND, n= 3)
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In conclusion, PHD inhibition by JTZ-951 treatment
improved obesity, plasma levels of nHDL-c, inflammation
and interstitial fibrosis in WAT, and hepatic steatosis. In the
kidney, JTZ-951 treatment improved pathophysiology of
ORG, such as albuminuria, glomerular mesangial expan-
sion, and macrophage infiltration.

These findings support a view that PHD inhibition will
be a new therapeutic target for obesity-related diseases. In
light of these, it will be an important future step to identify
factors and pathways that were influenced by PHD inhibi-
tion toward protection.
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