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Nonstandard Abbreviations 

2OG, 2-oxoglutarate; ALT, alanine aminotransferase; CCl4, carbon tetrachloride; CKD, chronic kidney 

disease; COPD, chronic obstructive pulmonary disease; DEN, diethylnitrosamine; ECAR, extracellular 

acidification rate; EPO, erythropoietin; HCC, hepatocellular carcinoma; HIF, hypoxia-inducible factor; HIF-

P4H-2, HIF prolyl 4-hydroxylase-2; HOMA-IR, homeostatic model assessment-insulin resistance; MEF, 

mouse embryonic fibroblast; OCR, oxygen consumption rate; OXPHOS, oxidative phosphorylation; PDK, 

pyruvate dehydrogenase kinase; pVHL, von Hippel Lindau protein; ROS, reactive oxygen species; VEGF, 

vascular endothelial growth factor. 
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Abstract 

Hypoxia inactivates hypoxia-inducible factor (HIF) prolyl 4-hydroxylases (HIF-P4Hs), which stabilize HIF 

and upregulate genes to restore tissue oxygenation. HIF-P4Hs can also be inhibited by small molecules 

studied in clinical trials for renal anemia. Knowledge of systemic long-term inactivation of HIF-P4Hs is 

limited but crucial, since HIF overexpression is associated with cancers. We aimed to determine the effects 

of systemic genetic inhibition of the most abundant isoenzyme HIF-P4H-2/PHD2/EglN1 on life span and 

tissue homeostasis in aged mice. Our data showed no difference between wild-type and HIF-P4H-2-deficient 

mice in the average age reached. There were several differences, however, in the primary causes of death 

and comorbidities, the HIF-P4H-2-deficient mice having less inflammation, liver diseases, including cancer, 

and myocardial infarctions, and not developing anemia. No increased cancer incidence was observed due to 

HIF-P4H-2-deficiency. These data suggest that chronic inactivation of HIF-P4H-2 is not harmful but rather 

improves the quality of life in senescence. 
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Introduction 

Oxygen is vital for metazoan biological processes, and therefore a conserved rescue pathway for tackling 

hypoxia has evolved in all multicellular organisms from the simplest animal to human (1-3).The central 

player in this pathway is the hypoxia-inducible factor (HIF), a dimeric transcription factor which upregulates 

the expression of several hundred genes to increase oxygen availability and delivery and to reduce its usage 

(1). Thus HIF has a central role in inducing erythropoiesis and angiogenesis, and in reprogramming cellular 

energy metabolism to ensure ATP generation via non-oxygen-demanding pathways, for instance. Its target 

genes include, among others, erythropoietin (EPO), vascular endothelial growth factor (VEGF), numerous 

enzymes of glycolysis and also pyruvate dehydrogenase kinase (PDK), which prevents the entry of pyruvate 

into the Krebs cycle and further to mitochondrial oxidative phosphorylation (OXPHOS) (4). HIF target 

genes also inhibit OXPHOS complex I activity and increase complex IV efficiency to reduce oxygen 

consumption and reduce the generation of detrimental reactive oxygen species (ROS) (5). 

The stability of the HIF subunits is regulated post-translationally by three HIF prolyl 4-hydroxylases 

(HIF-P4Hs, also known as PHDs or EglNs), which are enzymes that act as cellular oxygen sensors (1). 

These require molecular oxygen, 2-oxoglutarate (2OG) and iron for the 4-hydroxylation of proline residues 

in HIF which earmarks it for proteasomal degradation via von Hippel Lindau protein (pVHL) (6). The 

HIF-P4Hs’ affinity for oxygen is low, indicating that even a slight reduction in the oxygen concentration has 

a direct effect on the enzymes’ catalytic activity (7). 

Small molecule HIF-P4H inhibitors, which are structural analogues of 2OG and stabilize HIF  in the 

presence of oxygen, are studied for the treatment of renal anemia due to their ability to induce EPO. 

Interestingly, in addition to increased hemoglobin levels, patients receiving them have been reported to have 

lowered serum total cholesterol levels, an improved HDL/LDL ratio and lower blood pressure (8-11). 

Concerns about the safety of the long-term administration of HIF-P4H inhibitors have been raised since 

cancerous tumors typically express high levels of HIF, and HIF expression in cancers is often associated 

with increased mortality (12). Although HIF stabilization in tumors results from intratumoral hypoxia, due 

to the cancer cell proliferation rate exceeding the vascularization rate, and HIF itself has not been proven 

oncogenic (13), close care is required when administering HIF-P4H inhibitor therapy. 

Aging is a natural phenomenon of all living organisms, eventually leading to pathologies and death. 

Many factors contribute to aging (14), including telomere shortening, accumulation of ROS, genetic and 

epigenetic alterations and aggregation of proteins leading to a senescent phenotype (15). Aging is associated 

with metabolic changes such as increased obesity and declines in insulin secretion and sensitivity (16). 

Obesity further predisposes to comorbidities such as cardiovascular disease, hepatic steatosis and diabetes, 

so it is not surprising that longevity was first associated with calorie restriction (17). Senescence is 
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accompanied by chronic inflammation, and at the tissue level aging is characterized by increased fibrosis 

and tissue lipomatosis, i.e. the replacement of functioning tissue by adipocytes (18). 

We have reported earlier that mice that are hypomorphic for HIF-P4H-2 (Hif-p4h-2gt/gt), the most 

abundant HIF-P4H isoenzyme and the major one regulating HIF  stability, are protected from obesity, 

metabolic dysfunction, atherosclerosis, hepatic steatosis and cardiac and skeletal muscle ischemia (19-24). 

As these mice do not develop the massive erythrocytosis associated with large-spectrum conditional 

inactivation of HIF-P4H-2, leading to premature death (25,26), they offer a unique model for studying the 

consequences of its long-term inhibition at the organism level. They express less than 50% of wild-type 

(WT) Hif-p4h-2 mRNA in most tissues and have normoxic stabilization of HIF1 /HIF2 in many tissues 

(19,20) Based on the previous beneficial outcomes achieved with Hif-p4h-2gt/gt mice (19-24), we set out to 

study whether the effects of chronic HIF-P4H-2 inhibition would influence the life span of the mice. We 

aged a cohort of male mice to senescence and determined their cause of death or the humane endpoint. In 

addition, we aged a cohort of female mice to 2 years of age to analyse aged tissues that were free of 

conditions causing death. Altogether, our data suggest that the long-term systemic inactivation of HIF-P4H-

2 in mouse is safe. It did not alter the life span or result in increased cancer incidence, and the Hif-p4h-2gt/gt 

mice maintained the homeostasis in many tissues better than the WT. 
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Materials and methods 

Animal experiments 

All the animal experiments were performed according to protocols approved by the National Animal 

Experiment Board of Finland (license numbers ESAVI-6154 and ESAVI-8179). Power calculations were 

performed prior to the experiments in order to determine the smallest number of animals needed to obtain 

significant data. The Hif-p4h-2gt/gt mice were generated with a GeneTrap targeting vector introduced into 

intron 1 of the Hif-p4h-2 gene, as previously described (19). All the animals were fed a standard rodent diet 

ad libitum (18% kcal from fat, Teklad 2018, Envigo) and were housed in groups of 2-5 in the Laboratory 

Animal Center of the University of Oulu on a 12 h light/dark cycle and at a constant temperature of 21-

22°C, the males for as long as possible until housed individually due to fighting or being the last one to 

survive. A male cohort of Hif-p4h-2gt/gt mice were allowed to age in their cages and their well-being was 

monitored 2-3 times per day on weekdays and once a day at weekends. Their body weight was measured 

once a month from 12 months old onwards. The mice were sacrificed when they reached a humane 

endpoint, and their organs were collected for analyses. If the mice were found dead during the night (total n 

= 5/53) and the cause of death could not be determined by post-mortem necropsy, only the age at death was 

noted and the cause of death was recorded as unknown (Table 2). The most likely causes of death or 

euthanasia and comorbidities were determined according to the recommended criteria (27). The criteria for 

humane endpoints were a body weight loss of 20%, cold body temperature, pronounced inactivity or 

immobility, hunched posture with a matted or unkempt coat, a bleeding skin ulcer or rash, excessive 

abdominal swelling indicative of a tumor and increased respiratory effort. Age-matched groups were used 

for the analysis of tissues. A female cohort of Hif-p4h-2gt/gt mice was allowed to age to exactly 2 years and 

sacrificed. Gender and age-matched wild-type (WT) littermates were used as controls.  

Hepatocellular carcinoma (HCC) was induced in the Hif-p4h-2gt/gt males and WT littermates by 

intraperitoneal (i.p.) injection of diethylnitrosamine (DEN, 25 mg/kg; N0258, Sigma-Aldrich; St. Louis, 

MO, USA) given at day 15 postpartum followed two weeks later by 6 weekly i.p. injections of carbon 

tetrachloride (CCl4, 0.5 ml/kg; 289116, Sigma-Aldrich; St. Louis, MO, USA) dissolved in olive oil (O1514-

100ML, Sigma-Aldrich; St. Louis, MO, USA). Tumor development was followed by ultrasound once a 

month from 4 months of age until sacrifice. The mice were sacrificed and their organs collected at the age of 

9 months. 

 

Histological analyses 

Five-micrometer sections were taken from formalin-fixed paraffin-embedded tissues, stained with H&E and 

viewed with a Leica DM LB2 or Olympus BX51 microscope and photographed with a Leica DFC 320 or 

Olympus DB71 camera. Brown adipose tissue (BAT) and skeletal muscle morphology were evaluated and 
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the amounts of pancreatic lipomatosis and splenic megakaryocytes were scored (0 to 4). Hepatic steatosis, 

liver inflammation (neutrophils) and fibrosis were scored (0 to 4). Hepatocellular carcinomas were analyzed 

from H&E stained sections and the analyses confirmed from Gomori reticulum stained sections in a blinded 

fashion by an experienced pathologist (Dr. P. Kuvaja). Myocardial infarctions and fibrosis in the liver and 

lung were scored from Masson’s Trichrome-stained tissue sections. Fibrosis in the kidney was quantified 

from five hot-spots in 20x fields of Masson’s Trichrome-stained tissue sections with Fiji (ImageJ) (28). The 

number and integrity of the kidney glomeruli were quantified from six 20x fields per mouse. Representative 

images of the gonadal white adipose tissue (WAT) (five 20x fields per mouse) were taken and the areas of 

100 adipocytes were quantified with the Adobe Photoshop CS5 Magnetic Lasso Tool. Infiltration of CD68-

positive macrophages into the WAT was quantified from immunohistochemical (IHC) stainings with an 

anti-CD68 antibody (ab955, Abcam; Cambridge, United Kingdom), measuring five 20x fields per sample. 

For the scoring of cancer incidence, one representative H&E-stained slide was evaluated for each tissue. 

Histological scoring was performed in a blinded fashion by an experienced mouse disease modeling 

pathologist (Dr. R. Serpi). 

 

Quantitative real-time PCR (qPCR) analyses 

Total RNA was isolated from WAT, BAT, brain and pancreas tissues with an E.Z.N.A. total RNA Kit II 

(Omega Bio-Tek; Norcross, GA, USA) and from cells and other tissues with TriPure Isolation Reagent 

(Roche Applied Science; Penzberg, Germany) and purified with the E.Z.N.A. total RNA Kit I (Omega Bio-

Tek; Norcross, GA, USA), followed by reverse transcription with an iScript cDNA Synthesis Kit (Bio-Rad; 

Hercules, CA, United States). qPCR was performed with iTaq SYBR Green Supermix with ROX (Bio-Rad; 

Hercules, CA, United States) in a C1000 Touch Thermal Cycler and a CFX96 Touch Real-Time PCR 

Detection System (Bio-Rad; Hercules, CA, United States) with specific primers. Several primers used in this 

study were reported in our previous publications (20,29). The new primer sequences of the specific primer 

pairs are listed in Table 1. 

 

Determination of blood glucose, lactate, hemoglobin and serum uric acid, lipids, alanine 

aminotransferase (ALT) and EPO levels 

Serum was collected from the terminal blood of the mice at sacrifice. The blood glucose concentrations were 

determined with a glucometer (Contour, Bayer; Leverkusen, Germany), the lactate levels with a lactometer 

(Lactate Scout+ -meter, SensLab/EKF Diagnostics; Cardiff, United Kingdom) and the hemoglobin levels 

with a hemoglobin meter (HemoCue Hb 201+; Ängelholm, Sweden). Serum total cholesterol, HDL 

cholesterol, triglyceride and uric acid levels in the liver cancer cohort were determined by clinical analytical 

methods in Nordlab (Oulu University Hospital, Oulu, Finland). The ALT activity assay kit (MAK052, 



 

8 
 

Sigma-Aldrich; St. Louis, MO, USA) was used to determine serum ALT levels and the Mouse 

Erythropoietin Quantikine ELISA kit (MEP00B, R&D Systems; Minneapolis, MN, USA) the EPO levels.  

 

Determination of tissue glycogen 

50 mg of liver or muscle was homogenized and the supernatant assayed with the Glycogen Assay Kit 

according to the manufacturer’s instructions (700480, Cayman Chemical; Ann Arbor, MI, USA). 

 

Determination of hepatic triglycerides 

Hepatic lipids were extracted by overnight digestion in an ethanol-KOH solution at +55°C and centrifuged. 

The lipids in the supernatant were precipitated on ice with MgCl2 and the solution centrifuged again. The 

supernatant was assayed for triglycerides by an enzymatic method (Roche Diagnostics; Basel, Switzerland) 

and the absorbance of the colorimetric products was determined with the Infinite M1000 Pro Multimode 

Plate Reader (Tecan; Männedorf, Switzerland). 

 

Oxygen consumption and extracellular acidification rate measurements 

Gender-matched mouse embryonic fibroblasts (MEFs) were isolated from Hif-p4h-2gt/gt and WT mice at 

E10.5 according to the protocol of (30) and immortalized. Real-time monitoring of oxygen consumption 

(OCR) and extracellular acidification (ECAR) rates was performed using a Seahorse XFp Analyzer, 

Seahorse XFp Cell Mito Stress Test Kit and Seahorse XFp Glycolysis Stress Test Kit (Agilent; Santa Clara, 

CA, United States) according to the manufacturer’s protocols. Briefly, 1x104 MEFs were seeded in triplicate 

onto XFp cell culture miniplates 6 h in advance. The mitochondrial stress test was performed under basal 

conditions and in response to ATP synthase inhibitor oligomycin A (1 μM), mitochondrial uncoupler FCCP 

(2 μM) and the complex I and III inhibitors rotenone/antimycin A (0.5 μM) in Seahorse XF base medium 

supplemented with 10 mM glucose, 1 mM sodium pyruvate and 2 mM L-glutamine. The glycolytic stress 

test was performed in response to glucose (10 mM), FCCP (2 μM) and 2-deoxyglucose (50 μM) in glucose-

free medium supplemented with 2mM L-glutamine. OCR is reported as pmol/min/104 cells and ECAR as 

mpH/min/104 cells. The calculations were performed with the Seahorse XF Report Generator software 

(Wave, Agilent). Basal respiration, basal glycolysis, glycolytic capacity and glycolytic reserve were 

calculated according to the manufacturer’s instructions. 

 

Western blot analyses  

100 μg of total protein from lysed MEFs was resolved by SDS-PAGE, blotted, and probed with the 

following primary antibodies: HIF1  (NB100-479, Novus Biologicals), HIF-P4H-2 (NB100-2219, Novus 

Biologicals; Centennial, CO, USA), GLUT1 (NB300-666, Novus Biologicals; Centennial, CO, USA), 
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PDK1 (KAP-PK112, Assay Designs; Ann Arbor, MI, USA), β-Actin (NB600-501, clone AC-15, Novus 

Biologicals; Centennial, CO, USA) and -Tubulin (T-6199, Sigma-Aldrich; St. Louis, MO, USA) followed 

by a HRP-conjugated secondary antibody (1:5000; Bio-Rad; Hercules, CA, USA). The Pierce ECL system 

(ThermoScientific; Waltham, MA, USA) was used for detection. 

 

Statistics 

Student’s two-tailed t test was used for the statistical significances of differences between two groups and 

Fisher’s exact test for data based on histological scoring. Areas under the curve were calculated by the 

summary measures method. All data are presented as means ± standard error of the mean (SEM), unless 

otherwise stated. p <0.05 was considered statistically significant. 
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Results 

HIF-P4H-2-deficient mice maintain a lower body weight due to less adiposity throughout life and have 

no difference in life span relative to WT. 

The ad libitum normal chow-fed Hif-p4h-2gt/gt males and their WT littermates were allowed to age in their 

cages in the laboratory animal center. We followed the body weight of the mice until they were 26 months 

old (Fig. 1A), after which the n was too small for statistical analyses. When the mice reached a humane 

endpoint, they were sacrificed and the organs were collected for analyses. The Hif-p4h-2gt/gt mice had about 

20% lower body weight than the WT during the follow up (Fig. 1A). At sacrifice their average body weight 

was 26.4 ± 1.2 g compared with 34.1 ± 1.6 g in the WT (p = 0.0036, Fig. 1B). This weight difference 

resulted from a difference in adiposity, since the Hif-p4h-2gt/gt mice had >50% less WAT than the WT (Fig. 

1C). No significant difference in survival was observed between the genotypes (Fig. 1D). The average ages 

at death for the WT and Hif-p4h-2gt/gt mice were 771 ± 22 days and 721 ± 28 days, respectively (p = 0.19, 

Fig. 1E). Analyses of the telomere length in the 1-year-old WT and Hif-p4h-2 leucocytes revealed no 

difference between the genotypes (Fig. S1A), in agreement with the lack of any major difference in overall 

survival. Additionally, mRNA levels of the senescence markers p16Ink4a (Cdkn2a), p21Cip1 (Cdkn1a), 

Mmp12 and Cxcl2 were analyzed in selected tissues (Fig. S1B), but no consistent differences in the 

senescence marker gene expression were observed in any tissue in the aged males nor in the 2-year-old 

female cohort (Fig. S1B). 

To ensure that the efficiency of the genetic knockdown by the gene trap had not been altered during 

aging, we analyzed the levels of WT Hif-p4h-2 mRNA in the tissues at sacrifice, and found that the 

knockdown levels in the Hif-p4h-2gt/gt tissues had remained very similar, if not identical, to those analyzed in 

younger mice as reported by us earlier (19,20,22), the heart having <10%, the skeletal muscle and BAT 

20%, the kidney, spleen and lung 35-45%, WAT and pancreas ~50% and liver ~75% of the Hif-p4h-2 

mRNA to be found in the WT tissues (Fig. 1F). Interestingly, the blood hemoglobin levels at sacrifice, 

although not erythrocytotic, were significantly higher in the Hif-p4h-2gt/gt mice than in the WT: 157 ± 8 g/l 

vs. 124 ± 7 g/l (p = 0.018, Fig. 1G). When compared to the hemoglobin levels of ~150 g/l reported earlier 

for both genotypes when 1 year old (31), these data suggest that the Hif-p4h-2gt/gt mice were protected from 

the aging-associated anemia observed in the WT mice. 

 

HIF-P4H-2 deficiency protects against inflammation and liver disease, the most common causes of 

death in WT males.  

We next analyzed the causes of death or humane endpoints among the aged male mice according to the 

recommended criteria (27). The initial cause was observed at autopsy and later verified by histological 

analyses. The most common cause of death or euthanasia in the aged WT males was inflammation, 
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accounting for 31% of the deaths, compared with 12% in the Hif-p4h-2gt/gt mice (Table 2). It appeared that a 

quarter of the WT mice died of a liver disease, which in 11% of the cases was steatohepatitis or hepatic 

fibrosis and in 14% HCC, while only 6% of the Hif-p4h-2gt/gt mice died of liver disease and none had HCC 

(Table 2). The genotypes had similar mortality due to gastrointestinal conditions and benign neoplasia, such 

as lipomas or hemangiomas (Table 2), while a humane endpoint for which no obvious cause was observed at 

autopsy was clearly more often reached in the Hif-p4h-2gt/gt mice than the WT (Table 2). The category of 

“others” included diagnoses such as hip dysfunction and breathing difficulties, each individual being 

affected by a different condition (Table 2). The most common comorbidity for both genotypes was 

myocardial infarction, which was nevertheless observed more in the WT mice (36%) than in the Hif-p4h-

2gt/gt ones (21%) (Table 3). The second most common comorbidities in the WT mice were inflammation and 

seminal vesicle dilatation, which were observed in about a quarter of cases, while in the Hif-p4h-2gt/gt males 

they were found in only 11% and 6%, respectively (Table 3). In the Hif-p4h-2gt/gt mice the second most 

common comorbidity was steatohepatitis or hepatic fibrosis (Table 3), but it should be emphasized that liver 

diseases in the Hif-p4h-2gt/gt males very seldom reached the severity to be the primary cause of death (Table 

2).  

In view of the incidence of HCC as a common cause of death in WT mice, it was of importance to 

study the cancer incidence in other tissues. Thus the lung, spleen, kidney, pancreas, WAT, BAT, uterus 

(females) and testis (males) were analyzed. No tumors were found in most tissues, including the kidney, 

pancreas, testis, uterus, WAT and BAT, while one WT female had a benign hemangioma in the spleen and 

one Hif-p4h-2gt/gt male a papillary adenocarcinoma in the lung, accounting for 14.3% and 9.1% of the mice, 

respectively (Table 4). 

Since myocardial infarctions were common in both genotypes, we took a closer look at the hearts. 

Analyses of the male hearts revealed no difference in their weight between the genotypes: 231 ± 8 mg for 

the WT and 224 ± 12 mg for the Hif-p4h-2gt/gt (p = 0.63, Fig. 2A). When age-matched cohorts were 

compared, small spontaneous, non-mortal cardiac infarcts were observed in 42% of the WT males but only 

14% of their Hif-p4h-2gt/g counterparts (Fig. 2B, C). 

 

Systemic long-term HIF-P4H-2 inhibition protects male mice from hepatic inflammation, fibrosis and 

cancer. 

When the liver weights were analyzed at sacrifice, a significant difference was observed in favor of the Hif-

p4h-2gt/gt males: 1.923 ± 0.202 g for WT vs. 1.236 ± 0.077 g for Hif-p4h-2gt/gt (p = 0.026, Fig. 3A). About 

30% of both genotypes had steatosis, which was moderate in 15% of the WT livers and mild in 15%, while 

only mild steatosis was observed in the Hif-p4h-2gt/gt livers (Fig. 3B). 60% of the WT livers had 

inflammation, which was severe in 20% of the cases, while only 25% of the Hif-p4h-2gt/gt livers had 
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inflammation and in all cases it was classified as moderate (p = 0.079) (Fig. 3C). Over 50% of the WT livers 

had fibrosis, while this was observed in only <10% of the Hif-p4h-2gt/gt livers (p = 0.01, Fig. 3D). 

Interestingly, 20% of the WT males had developed spontaneous HCC compared to none of the Hif-p4h-2gt/gt 

mice (p = 0.14) when age-matched cohorts were compared. These data together with our earlier findings in 

1-year-old male mice (20) suggest that non-alcoholic fatty liver disease characterized by steatosis had 

advanced to steatohepatitis, fibrosis and even HCC in the aged WT males, while the HIF-P4H-2 deficiency 

had provided protection from this disease. 

 

HIF-P4H-2-deficient mice retain a healthier metabolism and develop less carcinomas in a chemically 

induced HCC model. 

Encouraged by the above data, we subjected the Hif-p4h-2gt/gt and WT males to a DEN and CCl4 chemical-

induced model of HCC. The genotoxic carcinogen DEN was administered to 2-week-old mice followed by a 

once a week dose of the fibrotic promoter CCl4 starting at the age of 4 weeks and continuing for 6 weeks. 

We then followed the development of tumors by means of ultrasound scans starting 4 months after the DEN 

injection and continuing until the mice were sacrificed at 9 months of age, the time of the sacrifice being 

based on the ultrasound scan results (Fig. S2). At this point, consistent with our previous data, the body 

weight of the Hif-p4h-2gt/gt mice was ~20% lower than that of the WT (Fig. 4A) and they had about 50% less 

WAT (Fig. 4B). Moreover, their livers were 20% lighter (Fig. 4C), whereas serum ALT levels were 

pathologically increased (above 55 IU/L that is usually regarded as the physiological limit) in all the mice, 

with no difference between the genotypes (Fig. 4D). The Hif-p4h-2gt/gt mice had slightly lower serum 

cholesterol and HDL cholesterol levels, but the difference did not reach significance, while no differences 

were observed in the serum triglyceride levels (Fig. 4E-G). On the other hand, the serum levels of uric acid, 

a marker of chronic inflammation which has been associated with all-cause and cardiovascular mortality and 

with an increased risk of cancer in humans (32-34), were significantly lower in the Hif-p4h-2gt/gt mice than in 

the WT group (Fig. 4H), and their blood lactate/glucose ratio was lower (Fig. 4I). Interestingly, histological 

analyses of the livers showed that only 33% of the Hif-p4h-2gt/gt mice had developed HCC compared with 

69% of the WT (p = 0.12) (Fig. 4J, K). There was no difference in tumor size between the genotypes. Of the 

mice that did not develop HCC, the majority showed varying levels of hepatic regeneration or degeneration 

as a response to the carcinogenic stimulus, and no difference in the prevalence of these was observed 

between the genotypes. Altogether, these data suggest that the better-preserved liver and metabolic health of 

the Hif-p4h-2gt/gt mice ameliorated the chemically induced carcinogenesis, and that chronic stabilization of 

HIF due to HIF-P4H-2 deficiency did not exacerbate HCC. 
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Protection from aging-associated obesity and adiposity in the HIF-P4H-2-deficient mice is 

independent of gender and associated with improved tissue homeostasis in the liver, muscle and 

pancreas. 

To study aged tissues that are free of disease and other conditions leading to death, and also the potential 

dependence of the previous findings on gender, we next aged a female mouse cohort to exactly 2 years of 

age and analyzed their tissues at sacrifice. The Hif-p4h-2gt/gt mice weighed significantly less than the WT 

mice and had less WAT and WAT inflammation, while the reduced size of the adipocytes did not reach 

significance (Fig. 5A-D). There was no difference in the amount or morphology of the BAT between the 

genotypes (Fig. 5E, F), nor were any significant differences between the genotypes detected either in the 

serum cholesterol and lipids, or in blood glucose, serum insulin, HOMA-IR or serum glucagon levels (Fig. 

S3). Samples were not taken in a fasted state because of the advanced age of the mice, which could have 

caused a difference relative to the previously reported healthier values for fasted Hif-p4h-2gt/gt mice (20). As 

in the males (Fig. 1F), the knockdown levels of Hif-p4h-2 mRNA in the tissues of the aged females (Fig. 

5G) had remained very similar, if not identical, to levels reported in younger mice (19,20,22). 

No difference in the weight of the heart (Fig. 6A) or in the histological findings (Fig. 6B) were 

observed between the genotypes, the hearts of the 2-year-old females thus being healthier than those of the 

aged males (Fig. 2B, average age of age-matched cohorts 2.0-years). There were also no obvious differences 

in the histology of the female skeletal muscle between the genotypes (Fig. 6C), but the Hif-p4h-2gt/gt muscles 

had a >40% higher glycogen content than the WT ones (Fig. 6D), which was in agreement with their 

increased expression of glycogen branching enzyme 1 (Gbe1) and glycogenin (Gyg1) mRNAs (Fig. 6E).  

The livers of the Hif-p4h-2gt/gt females were about 25% lighter than those of the WT (Fig. 7A). 

Histological analyses of steatosis, inflammation and fibrosis revealed very low levels of these in all the 

mice, with no difference between the genotypes (Fig. 7B-D). The liver triglyceride concentrations were in 

line with this, the levels being relatively low in all the mice, again with no difference between the genotypes 

(Fig. 7E). In contrast, the liver glycogen content in the WT females was significantly, about 2-fold, higher 

than that in their Hif-p4h-2gt/gt counterparts (Fig. 7F), this being in agreement with the overall better 

metabolic health of the latter, which results in less glucose being stored in their liver. In line with the overall 

healthier state of the female livers compared with those of the males, no HCC was observed in any of the 

female livers. 

Interestingly, the pancreas histology showed significantly more lipomatosis in the aged WT mice than 

in the Hif-p4h-2gt/gt group (Fig. 7G), suggesting that HIF-P4H-2 deficiency also provides protection for the 

pancreas and being in agreement with the lower adiposity of the Hif-p4h-2gt/gt females (Fig. 5A,B). 

The histological analyses of the female lungs showed no differences in the overall architecture or in 

the amount of fibrosis (Fig. 8). This is of importance since in earlier studies HIF-P4H-2 deficiency present 
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only in endothelial and hematopoietic cells has been associated with increased pulmonary arterial 

hypertension (35), and with an increased prevalence of chronic obstructive pulmonary disease (COPD) (36). 

 

Chronic HIF-P4H-2 deficiency provides protection against aging-associated kidney disease and 

anemia. 

No difference in the number of kidney glomeruli was seen between the 2-year-old WT and Hif-p4h-2gt/gt 

females in the histological analyses (Fig. 9A), but the number of shrunken glomeruli was 4.5 times higher in 

the former (Fig. 9B). Additionally, the amount of interstitial renal fibrosis in the WT kidneys was more than 

double that in the Hif-p4h-2gt/gt ones, and it was associated with significantly reduced levels of renal fibrotic 

mRNAs, transforming growth factor beta 1 (Tgfb1), smooth muscle actin alpha 2 (Acta2), neutrophil 

cytosolic factor 2 (Ncf2) and biglycan (Bgn), in the latter (Fig. 9C, D).  

Chronic kidney disease (CKD) is characterized by damaged glomeruli and tubuli and results in anemia 

due to EPO being produced mostly by the kidney. Obesity, diabetes and high blood pressure entail a 

predisposition to CKD. In this case the blood hemoglobin levels of the aged females were 126 ± 3 g/l for the 

WT mice and 162 ± 6 g/l for the Hif-p4h-2gt/gt mice (p = 8.8 x 10-5, Fig. 9E), indicating that the aged WT 

mice of both genders were anemic (Fig. 1G). We next analyzed serum EPO levels and found them to be 

significantly, ~40%, higher in the Hif-p4h-2gt/gt females than in the WT group (Fig. 9F), whereas only a trend 

towards higher renal Epo mRNA level was detected (Fig. 9D). 

We have reported earlier that Hif-p4h-2gt/gt mice develop slight erythrocytosis (31). This appeared to 

result from an increased differentiation of splenic hematopoietic stem cells, resulting in splenomegaly due to 

upregulation of HIF2  and the concomitant downregulation of Notch signaling in the spleen (31). Unlike 

the situation in these 1-year-old mice, no difference in spleen weight was observed here between the 

genotypes at 2 years of age (Fig. 9G). Histological analyses of the spleens showed no major alterations in 

the overall architecture between the genotypes, while slightly more megakaryocytes and erythroid 

hyperplasia were detected in the Hif-p4h-2gt/gt spleens than in the WT ones (Fig. 9H). Altogether, these data 

suggest that, in addition to the splenic extramedullary erythrocytosis seen in the Hif-p4h-2gt/gt mice, the 

ability of these mice to retain normal hemoglobin levels at a very advanced age results from better preserved 

renal homeostasis.  

 

HIF-P4H-2-deficient MEFs show increased glycolysis and decreased oxygen consumption and ATP 

production. 

To deepen our understanding of the molecular mechanisms behind the metabolic differences observed here 

and reported earlier (19-24), we isolated MEFs from the Hif-p4h-2gt/gt and WT mice at E10.5. The Hif-p4h-2 

mRNA levels in the Hif-p4h-2gt/gt MEFs were 17% of those in the WT (Fig. 10A) and they had stabilization 
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of HIF1 (Fig. 10B) under normoxia but not of HIF2 (data not shown). Of the metabolic HIF target genes 

studied, upregulation of the mRNA levels of glucose transporter 4 (Glut4), phosphofructokinase L (Pfkl) and 

pyruvate dehydrogenase kinase 1 (Pdk1) was seen in the Hif-p4h-2gt/gt MEFs compared with the WT (Fig. 

10A). Protein levels of GLUT1 and PDK1 were upregulated in the former (Fig. 10B). We next subjected the 

MEFs to analyses of real-time changes in the mitochondrial oxygen consumption rate (OCR) and the 

extracellular acidification rate (ECAR), which are reflective of oxidative metabolism and glycolysis, 

respectively, at the baseline and following mitochondrial and glycolytic stress tests. The baseline and 

stressed OCR values were significantly, ~50%, lower in the Hif-p4h-2gt/gt MEFs than in the WT (Fig. 10C). 

ATP production in the Hif-p4h-2gt/gt MEFs was half of that in the WT and their proton leak was 65% of that 

in the WT (Fig. 10C). In response to the glycolytic stress test the Hif-p4h-2gt/gt MEFs manifested increased 

ECAR relative to the WT cells, showing significantly elevated glycolysis (143%), glycolytic capacity 

(127%) and glycolytic reserve (160%) (Fig. 10D). Altogether, the data presented here associate the HIF-

mediated upregulation of the key glycolytic mRNAs in the Hif-p4h-2gt/gt MEFs (Fig. 10A), as also shown 

earlier in Hif-p4h-2gt/gt mice (20), with decreased energy production, which in turn is probably associated 

with the protection against obesity and adiposity and the overall better metabolic health observed in the Hif-

p4h-2gt/gt mice. 

 

 

Discussion 

Ever since the 1800’s, mountain sanatoriums at high altitudes have been places for treating illness and other 

harmful conditions, especially tuberculosis in the pre-antibiotic era. Exposure to high altitudes has also been 

studied for the treatment of cardiac ischemia, dyslipoproteinemia and hypertension (37-39), and similarly 

endurance athletes have been exploiting high altitude training for several decades (40). Our knowledge of 

the long-term consequences of activation of the hypoxia response pathway relies mostly on data reported 

from people exposed to environmental hypoxia by living at high altitudes. In a US-wide study, people in 

counties located 1500 m above sea level had longer life expectancies than those within 100 m of it, by 

margins of 1.2–3.6 years for men and 0.5–2.5 years for women, although these associations were not 

significant in a multivariate analysis (36). Nevertheless, adjusted data from the US and Switzerland associate 

living at a high altitude with protection against obesity and mortality from ischemic heart disease and stroke, 

but a higher prevalence of COPD, with all of these effects showing an altitude–dependent relationship 

(36,41,42). 

Our data obtained here with HIF-P4H-2-deficient (Hif-p4h-2gt/gt) mice phenocopied the protection 

against obesity which is associated with activation of the systemic hypoxia response at high altitude. Obesity 

is often the cause of hepatic steatosis, which for many of the aged WT males had progressed to hepatitis, 
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cirrhosis and even HCC. The overall better liver health of the Hif-p4h-2gt/gt males is therefore likely to be 

associated with their lower adiposity. Although the number of Hif-p4h-2gt/gt mice that experienced 

myocardial infarctions was lower than the number of such WT mice, these infarctions were not the primary 

cause of death in either genotype, a fact that most likely underlines the differences in lipid metabolism 

between humans and mice, the latter having HDL as their most abundant lipoprotein which offers protection 

from severe atherosclerosis (43,44). Where the risk of COPD is concerned, we did not detect any differences 

in lung architecture or fibrosis between the genotypes in the 2-year-old female mice, which would suggest 

that chronic HIF-P4H-2 deficiency is not a cause of COPD, although it is possible that inhibition of the other 

HIF-P4H isoenzymes by hypoxia, or by hypoxia independently from HIF stabilization, may contribute to the 

higher prevalence of COPD at high altitude (36). Moreover, we have shown earlier that the primary 

hepatocytes of Hif-p4h-2gt/gt mice clear ROS faster than those of the WT and have higher levels of the 

antioxidative glutathione (24), which could offer the Hif-p4h-2gt/gt mice protection against diseases like 

COPD, where it has been proposed that ROS may be involved in their pathogenesis (45). 

Anemia, a decline in red cell counts, is associated with aged populations, leading to significant 

functional impairment and even to increased mortality (46). Although there are many causes, including 

nutritional deficiencies and chronic diseases, anemia is also a physiological consequence of aging, when the 

hematopoietic cells in the bone marrow (46). CKD, resulting in anemia via the loss of EPO-producing cells, 

is associated with obesity, type 2 diabetes and hypertension. The first-generation HIF-P4H inhibitors have 

been especially targeted at treating anemia, because they can also induce endogenous EPO production from 

the liver and regulate iron homeostasis during inflammation, the latter being associated with their ability to 

suppress hepatic hepcidin production (47,48). We have shown earlier that Hif-p4h-2gt/gt mice develop splenic 

extramedullary erythropoiesis from 6 months onwards and that this is associated with the HIF-mediated 

downregulation of Notch signalling (31). The resulting mild erythrocytosis characterized by ~20% higher 

hematocrit levels than in the WT was not associated with significantly increased serum or renal EPO levels 

(31). We discovered here that the Hif-p4h-2gt/gt mice were protected from the aging-associated anemia seen 

in the WT mice. The architecture of the 2-year-old female spleens was clearly less distorted than at 1 year of 

age (31), while slightly more megakaryocytes were detected than in the WT, suggestive of increased 

erythropoiesis in the spleen. Interestingly, the serum EPO levels of the 2-year-old Hif-p4h-2gt/gt female mice 

were about twice as high as those of the WT. Since the WT female kidneys were significantly more fibrotic 

than the Hif-p4h-2gt/gt kidneys, the protection from anemia in the Hif-p4h-2gt/gt mice most likely involved a 

heightened ability to maintain renal EPO production into senescence. 

Hypoxia is a feature of most solid tumors that often results in HIF  stabilization, which in turn can 

promote cancer cell survival via induction of angiogenesis and promotion of the Warburg effect, and may 

induce metastasis (12). No data exist, however, to suggest that HIF itself is oncogenic (13), and indeed, 
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HIF1  has also been associated with tumor suppression in several settings (49-54). Likewise, the data on 

HIF-P4H-2 in cancers have been controversial. It has been reported to have both protective and exacerbating 

roles in lung and breast cancers, for example, and in HCC (55-62). The data presented here would support 

the former, since the Hif-p4h-2gt/gt mice had less HCC, and no increase was observed in the overall incidence 

of cancer. 

Some previous studies have found HIF1 HIF2 stabilization to be harmful in cell or tissue type-

specific settings, e.g. in the case of fatty liver (63-65). Our present data associate the beneficial effects with 

systemic HIF-P4H-2 inhibition. Global HIF-P4H-2 inhibition will induce system-wide HIF-driven metabolic 

reprogramming, resulting in the effects observed here, e.g. lower adiposity, adipose tissue inflammation and 

better liver health. Additionally, Hif-p4h-2gt/gt mice express varying reduced levels of WT Hif-p4h-2 mRNA 

in different tissues (19,20), resulting in HIF stabilization that is not full-powered. A full-powered hypoxia 

response restricted to a single organ or cell type is likely to result in a different, potentially harmful outcome. 

In this study, the gender dependence of the data could not be thoroughly evaluated, since the male 

cohort was aged until death or a humane end point was reached, while the females were sacrificed at 2 years 

of age. The causes of death in the males, such as HCC or inflammatory conditions, could have had diverse 

effects on the systemic health of the mice, making it impossible to assess the age-dependent but disease-

independent condition of their tissues. The data could nevertheless indicate potential gender-dependent 

differences, e.g. in the health of the liver and heart, to the advantage of the aged female mice. The gender 

dependence of aging would be an important issue for further studies, since differences in human aging 

between the sexes are recognized but not well-understood (66). 

In conclusion, chronic systemic HIF-P4H-2 deficiency ameliorated the homeostasis of several aged 

tissues including those of the liver, heart, adipose tissue and pancreas. It did not alter the life span or lead to 

increased tumor formation; in fact it provided protection against HCC. These data would suggest an 

improved quality of life in senescence with chronic HIF-P4H-2 inhibition. Additionally, this inhibition 

appears to be safe, which supports the notion that the long-term use of HIF-P4H-2 inhibitors is an innocent 

procedure. Whether the same beneficial effects regarding aging and HCC could be obtained with the HIF-

P4H therapeutic measures that are currently available (67) or under study remains to be evaluated. It should 

be noted that instead of HIF-P4H-2, these small molecules actually inhibit all the HIF-P4H isoenzymes 

(68,69). Our data here challenge the view that long-term HIF stabilization promotes tumor development and 

instead associate the systemic activation of the hypoxia response with a normal life span and protection from 

cardiometabolic and inflammatory diseases and HCC. 
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Figure legends 

Fig. 1. HIF-P4H-2-deficient (gt/gt) male mice are protected against obesity throughout life and have a 

similar life span to wild-type (wt) mice. (A) Body weight development of 12-month-old wt and gt/gt mice 

up to 26 months of age (n=6-25 wt, 4-15 gt/gt at different time points). (B) Body weight at sacrifice (n=30 

wt,14 gt/gt). (C) Weight of gonadal WAT at sacrifice (n=30 wt, 14 gt/gt). (D) Kaplan-Meier survival 

analysis (n= 35 wt,17 gt/gt). (E) Average age at death (n= 35 wt,17 gt/gt). (F) Hif-p4h-2 mRNA levels in 

gt/gt mice relative to wt. Gene expression was studied relative to peptidylprolyl isomerase A (Ppia) mRNA 

in kidney and pancreas and to -actin mRNA in other tissues (n=6/genotype). (G) Blood hemoglobin levels 

(n=12 wt, 4 gt/gt). Data are means ± SEM. (A-C, F-G) Age-matched cohorts were analyzed. *p <0.05, **p 

<0.01. The p value for (C) was calculated from log-transformed values. Abbreviations: b, blood; Hb, 

hemoglobin; WAT, white adipose tissue. 

 

Fig. 2. Aged wild-type (wt) male mice have more spontaneous myocardial infarcts than HIF-P4H-2-

deficient (gt/gt) mice. (A) Heart weight at sacrifice (n=30 wt,14 gt/gt). (B) Myocardial infarctions analyzed 

from (C) Masson’s trichrome-stained heart sections (n=19 wt, 7 gt/gt). Data for (A) are means ± SEM. Age-

matched cohorts were analyzed. Scalebar = 500 μm for 4x and 100 μm for 20x. 

 

Fig. 3. Aged HIF-P4H-2-deficient (gt/gt) male mice are protected against age-induced liver disease and 

hepatocellular carcinoma as compared with wild-type (wt) mice. (A) Liver weight (n=30 wt, 14 gt/gt). 

(B) Scoring of steatosis from H&E-stained liver sections. Grading: “None” corresponds to score 0, “Mild” 

to 1 and “Moderate” to 2-3. (C) Scoring of inflammation (neutrophils) from H&E-stained liver sections. 

Grading: “None” corresponds to score 0, “Moderate” to 1-2 and “Severe” to 3-4. (D) Scoring of fibrosis 

from Masson’s trichrome-stained liver sections. Grading: “None” corresponds to score 0, “Mild” to 1 and 

“Moderate” to 2. (E) Hepatocellular carcinomas from H&E-stained sections. Data in (A) are means ± SEM. 

Age-matched cohorts were analyzed. (B-E) n=26 wt, 12 gt/gt, images are representative of scoring for wt. 

Scalebars: (B-D) 200 μm, (C) 100 μm, (E) 500 μm for 4x and 100 μm for 20x.*p <0.05. 

 

Fig. 4. Fewer HIF-P4H-2-deficient (gt/gt) male mice develop chemically-induced liver cancer than 

wild-type (wt) mice. (A) Body weight at sacrifice. (B) Weight of gonadal WAT. (C) Liver weight. (D) 

Serum ALT levels. (E) Serum total cholesterol, (F) HDL cholesterol and (G) triglyceride levels. (H) Serum 

uric acid levels. (I) Blood lactate-to-glucose ratio. (J) Hepatocellular carcinomas analyzed from (K) H&E-

stained tissue sections. Data are means ± SEM. n=13 wt, 12 gt/gt. Scalebar=1 mm for 1x and 100 μm for 
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20x. **p <0.01. Abbreviations: ALT, alanine aminotransferase; s, serum; TG, triglyceride; WAT, white 

adipose tissue. 

 

Fig. 5. HIF-P4H-2-deficient (gt/gt) female mice maintain lower body weight, WAT weight and have 

less WAT inflammation than wild-type (wt) mice at 2 years of age. (A) Body weight at sacrifice. (B) 

Weight of gonadal WAT. (C) Cross-sectional area of WAT adipocytes. (D) Number of macrophage 

aggregates in WAT. (*)=Adipocytes surrounded by macrophage aggregates. (E) BAT weight. (F) BAT 

morphology from H&E-stained sections. (G) Hif-p4h-2 mRNA levels in gt/gt mice relative to wt. Gene 

expression was studied relative to peptidylprolyl isomerase A (Ppia) mRNA in kidney and pancreas and to 

-actin mRNA in other tissues. Data are means ± SEM. n=7/genotype. Scalebars = 100 μm. *p <0.05. 

Abbreviations: WAT, white adipose tissue; BAT, brown adipose tissue. 

 

Fig. 6. 2-year-old HIF-P4H-2-deficient (gt/gt) female mice have similar heart health to wild-type (wt) 

mice but more glycogen in their skeletal muscle. (A) Heart weight at sacrifice. (B) Myocardial infarctions 

analyzed from Masson’s trichrome-stained heart sections. (C) Skeletal muscle morphology from H&E-

stained sections. (D) Muscle glycogen content. (E) mRNA levels in the skeletal muscle of gt/gt mice relative 

to wt. Gene expression was studied relative to hypoxanthine phosphoribosyltransferase 1 (Hprt1) mRNA. 

Data are means ± SEM. n=7/genotype. Scalebars: (B) 200 μm, (C) 100 μm. *p <0.05, **p <0.01. 

Abbreviations: Gbe1, 1,4-alpha-glucan branching enzyme 1; Gsk3b, glycogen synthase kinase 3 beta; Gyg1, 

glycogenin 1. 

 

Fig. 7. 2-year-old HIF-P4H-2-deficient (gt/gt) female mice have similar liver health to wild-type (wt) 

mice, but lower liver glycogen content and less pancreatic lipomatosis. (A) Liver weight at sacrifice. (B) 

Scoring of steatosis from H&E-stained liver sections. Grading: “No” corresponds to score 0-1 and “Yes” to 

2. (C) Scoring of inflammation from H&E-stained liver sections. Grading: “No” corresponds to score 0-1 

and “Yes” to 2-3. Arrow indicates neutrophil clusters. (D) Scoring of fibrosis from Masson’s trichrome-

stained liver sections. “Mild fibrosis” corresponds to scores 1-2. (E) Hepatic triglyceride content. (F) Liver 

glycogen content. (G) Pancreatic lipomatosis from H&E-stained sections. Data for A, E, F are means ± 

SEM. n=7/genotype. (B, C) Images are representative of scoring for wt. Scalebars: (B, D) 200 μm, (C, G) 

100 μm. *p <0.05. Abbreviations: TG, triglyceride. 

 

Fig. 8. Lungs of 2-year-old HIF-P4H-2-deficient (gt/gt) and wild-type (wt) female mice have similar 

morphology and level of fibrosis. Analysis of lung fibrosis from Masson’s trichrome-stained sections. 

n=7/genotype. Scalebar = 200 μm. 
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Fig. 9. 2-year-old HIF-P4H-2-deficient (gt/gt) female mice have healthier kidney morphology and are 

protected against age-induced anemia relative to wild-type (wt) mice.(A) Kidney glomerular number 

and (B) glomerular integrity, as the number of shrunken glomeruli per 20x field in H&E-stained sections. 

(C) Area of renal fibrosis per 20x field in Masson’s trichrome-stained sections. (D) mRNA levels in the 

kidney of gt/gt mice relative to wt. Gene expression was studied relative to peptidylprolyl isomerase A 

(Ppia) mRNA. (E) Blood hemoglobin levels. (F) Serum erythropoietin levels. (G) Spleen weight. (H) 

Megakaryocyte amount and erythroid hyperplasia in H&E-stained spleen sections. Data in A-G are means ± 

SEM. n=7/genotype. Scalebars: (B, C) 100 μm, (H) 50 μm. *p <0.05, **p <0.01, ***p <0.001. 

Abbreviations: Acta2, actin alpha 2; b, blood; Bgn, biglycan; EPO, erythropoietin; Hb, hemoglobin; Ncf2, 

neutrophil cytosolic factor 2; s, serum; Tgfb1, transforming growth factor beta 1. 

  

Fig. 10. Metabolic reprogramming in the HIF-P4H-2-deficient mouse embryonic fibroblasts (MEFs). 

(A) mRNA levels of gt/gt MEFs relative to wild-type (wt), studied relative to TATA-box binding protein 

mRNA (n=3 wt, 4 gt/gt). (B) Representative Western blot analyses of HIF-P4H-2, HIF1α, GLUT1 and 

PDK1 protein levels. β-actin and α-tubulin were used as loading controls. (C) Oxygen consumption rate 

(OCR) profile plot and quantification of basal respiration, ATP-linked respiration as ATP production and 

proton leak (n=3 wt, 4 gt/gt). OCR was analyzed under basal conditions and in response to treatments 

(indicated by arrows) with oligomycin, FCCP and rotenone-antimycin A, 3 measurements/each. (D) 

Extracellular acidification rate (ECAR) profile plot and quantification of glycolysis, glycolytic capacity, and 

glycolytic reserve (n=3 wt, 3 gt/gt). Kinetic ECAR response to treatments (indicated by arrows) with 

glucose, oligomycin and 2-deoxyglucose, 3 measurements/each. Data are means ± SEM. *p <0.05, **p 

<0.01, ***p <0.001. Abbreviations: 2-DG, 2-deoxyglucose; FCCP, carbonyl cyanide-4-(trifluoromethoxy) 

phenylhydrazone; GLUT, glucose transporter; PDK1, pyruvate dehydrogenase 1; PFKL, 

phosphofructokinase, liver type. 
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.-Hepatocellular carcinoma 13.9 0.0 
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Table 3. Contributing causes (comorbidities). 

Comorbidities (%) wt gt/gt 

Myocardial infarction 35.7 21.4 

Inflammation 25.8 11.8 

Seminal vesicle dilation 22.6 5.9 

Liver disease 9.7 17.6 

.-Steatohepatitis or fibrosis 9.7 17.6 

Benign neoplasia 9.7 5.9 

Skin conditions 6.5 0.0 

Gastrointestinal condition 3.2 0.0 

The primary causes of death or euthanasia were excluded from the comorbidities.  

N=36 for wild-type (wt) and 17 for Hif-p4h-2gt/gt (gt/gt). 

 



Table 4. Cancer incidence in indicated tissues (%). 

 

Organ 

Males 

wt         gt/gt 

Females 

wt         gt/gt 

Lung 0.0   9.1* 0.0 0.0 

Spleen 0.0 0.0  14.3# 0.0 

Kidney 0.0 0.0 0.0 0.0 

Pancreas 0.0 0.0 0.0 0.0 

Testis/uterus 0.0 0.0 0.0 0.0 

White adipose tissue 0.0 0.0 0.0 0.0 

Brown adipose tissue 0.0 0.0 0.0 0.0 

Wild-type(wt) and Hif-p4h-2gt/gt (gt/gt) mice. N=7-29 for males and 7/genotype for females.                  

Tumor type: *Papillary adenocarcinoma, #benign hemangioma. 
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Supplementary materials and methods 

Determination of serum insulin, glucagon and lipids 

Serum insulin and glucagon levels were determined with the Rat/Mouse Insulin ELISA kit 

(EZRMI-13K, Millipore) and Mouse Glucagon ELISA Kit (81518, CrystalChem). The homeostatic 

model assessment-insulin resistance (HOMA-IR) index was calculated from the blood glucose and 

serum insulin values. Serum total cholesterol, HDL cholesterol and triglyceride levels were 

determined by an enzymatic method (Roche Diagnostics), and LDL+VLDL cholesterol values were 

calculated using the Friedewald equation (Friedewald et al. 1972). 

 

Telomere length 

Blood leucocyte total genomic DNA was extracted from the blood of 1-year-old male mice with the 

DNeasy Blood and Tissue Kit (69504, Qiagen). The telomere length was determined by a qPCR 

method developed for humans (Cawthon. 2002) and then modified for mice (Callicott & Womack. 

2006). Primers for amplifying the telomeric region were used and the telomere length was 

calculated in relation to the single copy gene 36B4. Primer sequences are shown in Supplementary 

Table I. 

 

Liver echography analyses 

The development of liver tumors was followed using a high frequency linear array ultrasound 

platform (Vevo 2100, FUJIFILM VisualSonics, Inc.) with a microscan 550D transducer (40 MHz, 

30 m axial, 90 m lateral resolution) under isoflurane-anesthesia on a heated examination table. 

The mice were subjected to the evaluation once a month from the age of 4 months until sacrifice. 



Supplementary figures 

 

 

 

Fig. S1. HIF-P4H-2-deficient (gt/gt) mice have a similar telomere length and senescence 

marker gene expression to wild-type (wt) mice. (A) Relative telomere (T) length from 1-year-old 

mice blood leucocytes (n=4-5/group), determined from genomic DNA by qPCR in relation to the 

single copy gene 36B4 (S) and presented as the T/S ratio. (B) Senescence marker mRNA levels in 

aged male and 2-year-old female gt/gt mice relative to wt. Gene expression was studied relative to 

peptidylprolyl isomerase A (Ppia) mRNA in kidney and to -actin mRNA in other tissues 

(n=6/genotype for males and 7/genotype for females). Age-matched cohorts of male mice were 

analyzed. Data are means ± SEM. *p <0.05. Abbreviations: Cxcl2, C-X-C motif chemokine ligand 

2; Mmp12, matrix metallopeptidase 12; p16Ink4, cyclin-dependent kinase inhibitor 2A; p21Cip1, 

cyclin-dependent kinase inhibitor 1A; S, single copy gene; T, telomere. 

  



 
 

Fig. S2. Ultrasound scans of liver tumors. Representative images of the liver ultrasound scans at 

7.5-months of age. Circles indicate macroscopically visible tumor nodes. Scalebar = 4 mm. 

Abbreviations: wt, wild-type; gt/gt, Hif-p4h-2gt/gt. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S3. 2-year-old HIF-P4H-2-deficient (gt/gt) female mice have a similar serum lipid profile 

and blood glucose and serum insulin levels to wild-type (wt) mice. (A) Serum total cholesterol, 

HDL cholesterol and LDL+VLDL cholesterol levels, HDL/LDL+VLDL ratio and serum 

triglyceride levels. (B) Blood glucose levels. (C) Serum insulin levels. (D) HOMA-IR. (E) Serum 

glucagon levels. Data are means ± SEM. n=7/genotype. Abbreviations: b, blood; HOMA-IR, 

homeostatic model assessment of insulin resistance; s, serum. 
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