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Abstract
Enhancing brown adipose tissue (BAT) function to combat metabolic disease is a

promising therapeutic strategy. A major obstacle to this strategy is that a thermoneutral
environment, relevant to most modern human living conditions, deactivates functional
BAT. We showed that we can overcome the dormancy of BAT at thermoneutrality by
inhibiting the main oxygen sensor HIF-prolyl hydroxylase, PHD2, specifically in
adipocytes. Mice lacking adipocyte PHD2 (P2K0O2) and housed at thermoneutrality
maintained greater BAT mass, had detectable UCP1 protein expression in BAT and
higher energy expenditure. Mouse brown adipocytes treated with the pan-PHD
inhibitor, FG2216, exhibited higher Ucp7 mRNA and protein levels, effects that were
abolished by antagonising the canonical PHD2 substrate, HIF-2a. Induction of UCP1
MRNA expression by FG2216, was also confirmed in human adipocytes isolated from
obese individuals. Human serum proteomics analysis of 5457 participants in the
deeply phenotyped Age, Gene and Environment Study revealed that serum PHD2
(aka EGLN1) associates with increased risk of metabolic disease. Our data suggest
adipose—selective PHD2 inhibition as a novel therapeutic strategy for metabolic

disease and identify serum PHDZ2 as a potential biomarker.
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Introduction
Several elegant studies have identified approaches to activate thermogenic brown

adipose tissue (BAT) and enhance metabolism (1-3). However, the majority of these
experiments were conducted on rodents at ambient temperature (19-21°C), a
condition where BAT is already active (4-6). Consequently, translation of these studies
is questionable, because humans predominantly live in thermoneutral conditions by
using clothing or other means to maintain thermal homeostasis (7). One highly
upregulated gene in adipose tissue during cold exposure of rodents is the hypoxia
inducible transcription factor (HIF)-2a (8), suggesting that the hypoxia signalling
pathway is involved in BAT activation. The oxygen-sensing HIF-prolyl hydroxylases
(PHDs) are central regulators of the hypoxic response (9-10). PHDZ2 is the dominant
oxygen sensor and is a negative regulator of HIF-a activity in normoxia (9-10). PHD2
hydroxylates key proline residues on HIF-a isoforms in normoxia, leading to its

proteasomal degradation (9-10).

PHD inhibitors are of increasingly medical significance and have already advanced to
phase 3 clinical trials for the treatment of chronic kidney disease (CKD) (11) and
recently been licenced for clinical use in China and Japan (12-13). Previously, we and
others, have shown that models of whole-body or adipose-specific deletion of the
dominant ubiquitously expressed PHD2 isoform induced protection from metabolic
disease, in part by reducing plasma lipid levels (14-15). We hypothesized that the lipid-
lowering effects of PHDZ2 deficiency is due to enhanced BAT thermogenesis. Here we
report on the testing of this hypothesis, using a genetic mouse model of adipose
tissue—specific deletion of PHD2 (P2K02%) under thermoneutrality, to better align with
human metabolism, and thus enhance the translational relevance of our findings. To

address the relevance of PHDZ2 in human metabolic disease traits, we interrogated the
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unique large—scale serum proteomics and deep metabolic and anthropometric
phenotyping data from the Age/Gene Environment Susceptibility study (Icelandic

Heart Association) (16-17).
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Results and Discussion

Loss of adipocyte PHD2 mediates retention of BAT function at thermoneutrality.
Housing of mice at thermoneutrality (TN; approximately 28-30°C) results in loss of
BAT function (18-19). This aligns rodent metabolism more closely with that of humans,
providing a better preclinical modelling system (5-7, 18-20). We tested whether the
metabolic advantage observed with adipose-specific PHD2 deletion previously
(15,21), was retained at TN (28°C), thus indicating an effect independent from, or

maintenance of BAT function.

Adiponectin—Cre (22) mice were crossed with PHD2"" mice (15) to delete PHD2
(referred as P2KO29) in white (data not shown) and brown adipocytes (Supplemental
Fig. 1a). This approach targets all white (WAT), beige and BAT adipocytes (23) and
thus reflects a generalised adipose deletion not restricted only to the rodent-specific
BAT depot. P2KO?® mice had >85% reduction in Phd2 mRNA levels compared to
control littermates, and consequently elevated levels (1.6-fold, p=0.018) of the
classical HIF-target gene Vegfa in BAT (Supplemental Fig. 1a) and in inguinal white
adipose tissue (iWAT, mean+SEM: Control: 0.38+0.07 vs P2KO?24: 0.73£0.12,
p=0.045). This was associated with HIF-1a stabilisation, as expected (Supplemental
Fig. 1b), irrespective of oxygen levels in the tissue. This data confirms enhanced
vascularization in the adipose tissues in this model as we previously showed in WAT
irrespective of temperature (15). Unexpectedly, we found that despite similar body
weights (Figure 1a), P2KO mice had relatively higher energy expenditure (EE),
especially in the dark phase (Figure 1b) than control littermates, without any significant
changes in their activity levels (Figure 1c). However, P2KO?24 had a higher food intake

(Figure 1d) compared to their littermate controls, consistent with balance of their higher
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EE. At thermoneutrality, body composition was similar between the genotypes (lean
and fat mass, Figure 1e). However, the control littermate mice lost BAT mass
(Supplemental Fig.1c) at TN, as expected, whereas the P2KO?2? mice, maintained BAT
mass (Supplemental Fig.1c) and had significantly greater BAT tissue mass (Figure 1f).
White adipose depots (Figure 1g) and liver mass (Supplemental Fig. 1d) were

comparable between genotypes.

Metabolically, during TN, the main effect of adipose-Phd2 deletion was on plasma
lipids (Figure 1h), as glucose levels were unaffected (Figure 1i). Specifically, P2KOd
mice had significantly lower circulating glycerol and non-esterified fatty acids (NEFA)
levels compared to control mice (Figure 1h). Because the main source of circulating
NEFA and glycerol is white adipose tissue lipolysis, we measured NEFA and glycerol
in inguinal white adipose (iIWAT) explants in mice housed at TN. In accordance with
the plasma levels, iWAT explants from P2KO?2? mice released less NEFA and glycerol

in the culture media under basal conditions (Supplemental Fig.1e).

Loss of Phd2 in adipocytes increases brown adipocyte proliferation. The main
characteristic during BAT activation in cold exposure or beta-adrenergic stimulation is
BAT hyperplasia and/or hypertrophy (24-25). To investigate the cellular basis for the
unexpected resistance of BAT to regress at TN in P2KO? mice, we performed
histological analysis. P2KO?2! mice had bigger adipocytes, in the range of 450-
1000pm?, and more total brown adipocyte numbers (Figure 2a-b) compared to control
mice, suggesting both hypertrophy and BAT hyperplasia are involved. More BAT does
not necessarily mean functional BAT, we therefore, quantified UCP1+ cells at

thermoneutrality using antibody staining as a proxy for functional BAT. P2KO3 mice
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exhibited more UCP1 expressing cells (Figure 2c-d, Supplemental Figure 2a) in BAT
than control littermates and more ki67+ cells (Figure 2c-d, Supplemental Fig.2b),
suggesting higher proliferation rates. Deletion of adipocyte Phd2 also led to higher
levels of the BAT-activating adrenergic receptor, Adrb3, and Ucp? mRNA levels in
BAT (Supplemental Fig.1f) and in iWAT (Supplemental Fig.1g). Previously we have
shown that deletion of Phd2 leads to better WAT vascularization (increased Vegfa
mRNA/CD31 immunoreactivity) (15) at ambient housing conditions (21°C). We
confirmed here that Vegfa mRNA levels remain higher at thermoneutrality in BAT from
P2K0O24 mice (Supplemental Fig.1a). Immunofluorescence for isolectin 1B4, a vessel
marker, also confirmed more extensive vascularization of BAT from P2KO32¢ mice
(Figure 2c-d, Supplemental Fig.2c). Adipose tissue vascularization is crucial
determinant of the oxygenation level in the tissue as recently confirmed in a human
study (26). Cifarelli et al., showed that adipose VEGFa expression was (a) significantly
lower in metabolically unhealthy obese compared to metabolically healthy obese and
lean individuals and (b) positively associated with adipose pO2 levels (26). Our genetic
model thus provides compelling evidence that deletion of Phd2 in adipocytes facilitates
metabolic protection through multiple effects in functionally distinct adipocyte
populations, including enhanced function/plasticity of BAT and enhanced lipid-
retention capacity of WAT. Ultimately, this enhances whole animal energy expenditure

even at thermoneutrality.

Notably, another study, using a whole—body PHD2 inhibition (hypomorphic for PHD2;

Hif-p4h-29Y9t) showed reduced body weight, WAT mass and higher EE at room
temperature in mice kept on a diet that induced fatty liver and fibrosis (HF-MCD) (27).

The authors suggested that improved beiging of WAT could explain their higher heat
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production (27). WAT beiging may contribute to some degree to increased
thermogenesis (28-29), but it is unlikely to be the sole explanation. Pan-tissue PHD2
reduction, as reported by Laitakari et al., will likely affect other tissues with a greater

contribution to energy expenditure such as the skeletal muscle or brown adipose.

Intriguingly, Hif-p4h-29Y9t mice exhibited reduced BAT mass (27) in contrast to our
adipose-specific Phd2 deletion mouse model. Although the focus was on NAFLD and
liver function (27), the authors did not report effects on skeletal muscle, that could
potentially explain enhanced thermogenesis. For example, a recent study showed that
global or skeletal muscle deletion of PHD3 led to enhanced exercise endurance
capacity and a small increase in maximum oxygen consumption rate (VOZ2) due to
increased fatty acid oxidation in muscle (30). We cannot directly compare the work by
Laitakari et al. to our study as they were conducted under different environmental
temperatures (RT vs TN), disease (NAFLD vs basal) and genetic models (whole body
vs adipose-specific targeting). However, a commonality between the studies is the
suggestion that targeting the PHD2 isoform, and specifically in adipose tissue, as
clearly shown in our study, may have beneficial lipid lowering effects that could be

explored further in humans.

Pan-PHD inhibition induces UCP1 in vitro. The unexpected finding that PHD2
deletion result in retention of BAT mass at thermoneutral conditions, opens up
potential for a new clinically important role of already available oral hypoxia-inducible
factor prolyl hydroxylase inhibitors (PHDi) for metabolic disease. The reported PHDis
are not isozyme-selective (31), targeting PHD1-2-3 isoforms (pan-PHDi) and are
designed for the treatment of CKD (11-13). Phase 3 clinical trials in CKD patients

reported that alongside the primary outcomes to increase haemoglobin and
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erythropoietin levels, at least some PHDi (i.e. roxadustat, dabrodustat) can lower
cholesterol and low-density lipoprotein cholesterol levels (32-33). The lowering effects
on plasma fatty acids (15) and cholesterol (14,27) have also been shown in animal
models treated with PHDi. Targeting BAT activation to alleviate metabolic dysfunction,
especially to lower circulating lipid levels, a hallmark of metabolically unhealthy obese
(26), is a promising new treatment line, as in both humans and mice activated BAT
results in lowering of fasted and postprandial plasma triglyceride levels (34-35).
Therefore, it is conceivable that PHD inhibition could be used to target BAT activation.
To our knowledge there are no reported studies directly testing whether PHDi

enhances brown adipocyte function.

To this end we addressed whether PHDi can confirm induction of UCP1 expression
as we have seen in the genetic model of adipose-specific PHD2 deletion. PHDi leads
to HIF-1a and HIF-2q stabilization in various experimental models and tissues (15,
36-38) including adipose tissue (15,27). Here, we showed that PHDi increased both
protein (Figure 3a) and mRNA (Figure 3b) levels of UCP1 in a mouse immortalized
BAT cell line (39). Recent studies showed that the HIF-2a, and not the HIF-1a,
signalling pathway was important for BAT function during cold-exposure (40-41),
therefore we tested whether the PHD-HIF-2a axis was implicated. Indeed, the effect
of PHDi on Ucp1 and adrenergic receptor (Adrb3) mRNA levels was completely
abolished (Figure 3b) when brown adipocytes were treated with the HIF-20 antagonist
PT-2385 (42), suggesting that PHD2-HIF-2a axis is a crucial regulator of Ucp1
expression levels. Importantly, PHDi treatment of human abdominal subcutaneous
white adipocytes from obese individuals increased ADRB2 mRNA levels (Figure 3c),

a pathway that recently shown to be the main target for pharmacological activation of
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human brown adipocytes (43). UCP1 mRNA expression in human adipocytes was
also increased by PHDi-treatment (Figure 3d), suggesting that PHDi could induce a

beiging-gene signature in human WAT.

Serum PHD2 protein levels are associated with metabolic dysfunction in
humans. Our data here suggest that cellular oxygen sensing proteins, and PHD2 in
particular, regulate key metabolic functions and energy homeostasis when targeted in
the adipocyte. We next sought genetic evidence for the potential involvement of PHD2
and downstream hypoxia inducible factor (HIF signalling) genes in the human
metabolic phenotypes of the ~500,000 UKBioBANK genome—wide association
(GWAS) database (using PhenoScanner) (44). Genome-wide significant and/or

suggestive association signals were found for blood glucose levels (PHDZ2,
rs578226800, p=9.2E"98) and basal metabolic rate (PHD2; rs7534248, p=3.2E06:

HIF2A:; rs11689011, p=9.5E"96: HIF1AN: rs1054399, p=6.9E710). Finally, in order to
test whether the main human oxygen sensor, PHD2, might serve as a target/biomarker
for metabolic disease in humans, we determined if there was any association between
serum PHD2 levels and metabolic syndrome traits. We analysed data acquired from
a custom version of the SOMAscan proteomic profiling platform screen of serum
samples from the large population-based (5457 participants) AGES-Reykjavik cohort
(16). The AGES Reykjavik study is a prospective study of deeply phenotyped and
genotyped individuals older than 65 years of age. We found that PHD2 levels were
significantly positively correlated with visceral adipose tissue (VAT via computed
tomography), body mass index (BMI, kg/m?), blood markers for type 2 diabetes,
HBA1C and insulin, triglycerides and the metabolic syndrome (MetS; Odds Ratio 1.22)

(Table 1). The tissue origin of serum PHD2 remains to be determined, however its
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presence suggests that metabolic dysfunction in ageing is associated with higher
PHDZ2 levels and possibly altered oxygen sensing. This fit with our contention that

PHD2 inhibition would have beneficial metabolic effects in humans.

In this study we shown that the adipocyte oxygen sensing pathway regulates the
thermogenic pathway by sustained UCP1 expression at thermoneutrality. We
postulate that this is due to altered plasticity of brown adipose tissue associated with
increased angiogenesis and brown adipocyte hypertrophy/hyperplasia that protects
against metabolic dysfunction. We further provide evidence for the first time that
human serum protein levels of PHD2 are directly correlated with measures of
metabolic disease and could potentially be used as a biomarker. In a timely manner,
as PHD inhibitors are completing Phase 3 trials or awaiting FDA approval (roxadustat),
our findings suggest that this class of drugs, if optimised for isoform and tissue

targeting, could be repurposed for treatment of certain metabolic diseases.

Methods. Further information can be found in the Supplemental Methods and

in Supplemental Figures 1-2.

Human study population: Participants aged 66 through 96 are from the Age,
Gene/Environment Susceptibility Reykjavik Study (AGES-RS) cohort (11. AGES-RS
is a single-centre prospective population-based study of deeply phenotyped subjects
(5764, mean age 7516 years) and survivors of the 40-year-long prospective Reykjavik
study (n~18,000), an epidemiologic study aimed to understand aging in the context of
gene/environment interaction by focusing on four biologic systems: vascular,
neurocognitive (including sensory), musculoskeletal, and body

composition/metabolism. Descriptive statistics of this cohort as well as detailed
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definition of the various disease relevant phenotypes measured have been published

(16-17, Supplemental methods).

Proteomics data access. The custom-design Novartis SomaScan®© is available
through a collaboration agreement with the Novartis Institutes for BioMedical
Research (lori.jennings@novartis.com). Data from the AGES Reykjavik study are
available through collaboration (AGES_data_request@hjarta.is) under a data usage

agreement with the IHA.

Statistics. All data are shown as the mean + SEM, and a 2-tailed Student’s t test was
used to compare 2 groups. Data sets were analysed using GraphPad Prism version 8
(San Diego, California). The number of biological replicates is indicated as (n).
Unpaired t-test with Welch’'s correction was used for the immunofluorescence
data. For the inhibitor in vitro experiments, a paired Student’s test was performed to
compare effects before and after drug administration in adipocytes from the same

individual. A P value of less than 0.05 was considered statistically significant.

For the associations of PHD2 to different human phenotypic measures we used linear
or logistic regression depending on the outcome being continuous or binary and
adjusted for age and sex in our regression analyses. Summary statistics for continuous
outcome variables are listed as mean (standard deviation) and median and
interquartile range (IQR) for skewed variables. For categorical variables as number
and percentages n (%): Body mass index 27.1(4.4), visceral fat area 172.8(80.2),
triglycerides 1.0 IQR[0.78,1.43], fasting glucose 5.8(1.2), HbA1c 0.5(0.1), insulin 1.2
IQR[0.79,1.78], type Il diabetes 658(12.1%), impaired fasting glucose 1982(41.4%),

metabolic syndrome 1677(30.8%).
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Study approval. All animal experiments were conducted according to protocols
approved by the U.K. Home Office Animals (Scientific Procedures) Act, 1986. The
AGES-RS was approved by the NBC in Iceland (approval number VSN-00-063), and
by the National Institute on Aging Intramural Institutional Review Board, and the Data

Protection Authority in Iceland.
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Table 1. Human PHD2 serum protein levels are positively correlated with metabolic syndrome related
traits. Serum protein PHD2 levels were correlated with BMI, visceral adiposity, triglycerides, fasting glucose,
HBA1C, insulin, type Il diabetes and metabolic syndrome in the population-based Age, Gene/Environment
Susceptibility (AGES) study. N=number of individuals with outcome data, Cl=confidence intervals,

S.E.=standard error, IFG, impaired fasting glucose.

Model* Outcome variable N B coef. 95% CI S.E. P-value
Linear regression
Body Mass Index , kg/m? 5439 0.356 (0.234,0.478) 0.062 1.17E-08
Visceral fat area, cm? 5228 8.220 (6.085, 10.355) 1.089 5.20E-14
Triglyceride serum, mmol/L 5447 0.066 (0.048, 0.084) 0.009 6.33E-13
Fasting glucose, mmol/L 5447 0.063 (0.031,0.095) 0.016 1.05E-04
HbA1c, g/dl 5019 0.009 (0.006,0.012)  0.001 4.22E-11
Insulin serum, pU/ml 5446 1.127 (0.832, 1.422) 0.150 7.36E-14
Logistic regression
Type |l diabetes 5447 1.191 (1.094, 1.297)  0.052 5.76E-05
IFG (5.6-6.9 mmol/L) 4787 1.057 (0.994, 1.124)  0.033 7.53E-02
Metabolic Syndrome 5443 1.260 (1.186, 1.340) 0.039 9.71E-14

*Models were adjusted for PHD2, age and sex. PHD2 beta coefficients for continuous outcome variables are
from a linear regression. For dichotomous outcome variables the PHD2 beta coefficients are odds ratios from
logistic regression (see Methods for more details on the summary statistics).
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Figure 1. Adipose Phd2 deletion permits BAT mass maintenance at TN.
P2KOad (red) mice housed at 28°C for 3days have similar body weight (a) to control
(blue) littermates but higher energy expenditure (b) (n=6-7), similar activity levels (c)
and eat more (d). Despite similar fat and lean mass measured by time-domain

(TD) NMR (n=10-11) (e), P2KOad mice have bigger BAT mass (f), but a similar WAT
mass (g). P2KOad mice have lower plasma glycerol and non-esterified fatty acids
(NEFA) (n=7) (h) but similar fasting blood glucose (n=13) levels (i). Data are
presented as mean+/- SEM. *p<0.05, ** p<0.01 by Student t-test.
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Figure 2. P2KO2d mice maintain functional BAT at thermoneutrality. H&E staining
of BAT and frequency distribution of adipocytes (a). Quantification graphs of number
and size of brown adipocytes in P2KOad (red) and control littermates (blue) (b).
Immunofluorescence images (scale bars 50um) (¢) and quantification graphs (d)

of BAT stained for UCP1+ (red) and ki67+ and IB4+ (green) cells at 28°C (n=3).
Nuclei stained with DAPI (blue). Data are presented as mean+/- SEM. *p<0.05,

by Student t-test.
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Figure 3. Pharmacological pan-PHD inhibition induces Ucp1 expression in
mouse and human adipocytes in vitro. The mouse brown adipocyte cell line
(WT-1) treated with PHDi (10uM, 16h, n=6; green circles) showed higher UCP1

levels compared to vehicle (DMSO, n=3; blue circles) (a). mRNA levels of Adrb3 and

Ucp1 are higher in the PHDi treated (green circles) WT-1 cells. Treatment with the
HIF2a antagonist (PT-2385, 10uM, 16h; pink circles) suppressed the effect (n=3) (b).
Human adipocytes isolated from abdominal subcutaneous biopsies treated with
PHDi (10uM, 16h, n=3 biopsies; 3 replicates per biopsy) show increased ADRB2 (c)
and UCP1 (d) mRNA expression. Data are presented as mean+/- SEM. *p<0.05,
** p<0.01, *** p<0.001 by Student t-test.
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