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ABSTRACT 82 

Hydroxysteroid 17-beta dehydrogenase 12 (HSD17B12) is suggested to be involved in the elongation of very 83 

long chain fatty acids. Previously, we have shown a pivotal role for the enzyme during mouse development. In 84 

the present study we generated a conditional Hsd17b12 knockout (HSD17B12cKO) mouse model by breeding 85 

mice homozygous for a floxed Hsd17b12 allele with mice expressing the tamoxifen-inducible Cre recombinase 86 

at the ROSA26 locus. Gene inactivation was induced by administering tamoxifen to adult mice. The gene 87 

inactivation led to a 20% loss of body weight within six days, associated with drastic reduction in both white 88 

(83% males, 75% females) and brown (65% males, 60% females) fat, likely due to markedly reduced food and 89 

water intake. Furthermore, the knockout mice showed sickness behavior and signs of liver toxicity, specifically 90 

microvesicular hepatic steatosis and increased serum alanine aminotransferase (4.6-fold in males, 7.7-fold in 91 

females). The hepatic changes were more pronounced in females than males. Pro-inflammatory cytokines, such 92 

as interleukin 6 (IL-6), IL-17 and granulocyte-colony stimulating factor were increased in the HSD17B12cKO 93 

mice indicating inflammatory response. Serum lipidomics study showed an increase in the amount of 94 

dihydroceramides, despite the dramatic overall loss of lipids. In line with the proposed role for HSD17B12 in the 95 

fatty acid elongation, we observed accumulation of ceramides, dihydroceramides, hexosylceramides and 96 

lactosylceramides with shorter than 18-carbon fatty acid side chains in the serum. The results indicate that 97 

HSD17B12 is essential for proper lipid homeostasis, and HSD17B12 deficiency rapidly results in fatal systemic 98 

inflammation and lipolysis in adult mice. 99 

Key words:  liver, lipid, weight loss, toxicity, dihydroceramide100 
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INTRODUCTION 101 

Fourteen different hydroxysteroid 17-beta dehydrogenase (HSD17B) enzymes have been characterized as 102 

enzymes that have the ability to catalyze the reaction between 17-keto and 17-beta-hydroxy steroids, at least in 103 

vitro. HSD17Bs are encoded by different genes resulting in proteins with distinct amino acid sequences, and they 104 

present with different subcellular localizations as well as varying co-factor and substrate preferences [see review 105 

by (39)]. All, except HSD17B5, belong to the very large family of short-chain dehydrogenase/reductase (SDR) 106 

enzymes, known for their NAD(H)- or NADP(H)-dependent oxidoreductase activity. Several of the HSD17B 107 

enzymes are involved in the metabolism and synthesis of various lipids. For example, HSD17B4 is involved in 108 

the peroxisomal oxidation of fatty acids (7), while HSD17B8 has been suggested to have a role in the 109 

mitochondrial synthesis of fatty acids (10, 64), and HSD17B10 is capable for mitochondrial beta-oxidation of 110 

fatty acids (26). HSD17B7 is involved in de novo cholesterol synthesis (32), HSD17B12 is expected to be 111 

involved in long-chain fatty acid elongation (41) and HSD17B13 was recently shown to be a lipid droplet-112 

associated protein (29) involved in lipid homeostasis in the liver (1). 113 

HSD17B12 is widely expressed in both human and murine tissues (Fig. 1A, 114 

https://genevisible.com/tissues/HS/UniProt/Q53GQ0 and other expression data banks). The enzyme was 115 

originally characterized as an enzyme converting palmitic acid to arachidonic acid (AA) (41). The view that 116 

HSD17B12 is involved in fatty acid chain elongation is further supported by several studies. The enzyme 117 

expression was shown to be regulated by sterol regulatory element-binding protein (SREBP), a key regulator of 118 

several enzymes involved in lipid metabolism and fatty acid and cholesterol biosynthesis (42). Furthermore, 119 

knockdown of the Hsd17b12 expression in cultured SK-BR-3 breast cancer cells resulted in reduced cell 120 

proliferation while the proliferation was restored by arachidonic acid treatment (43). Our in vivo study applying 121 

a mouse model with a hypomorphic Hsd17b12 showed that a reduced expression of the gene in the ovaries 122 

resulted in failure in oogenesis and ovulation, and the phenotype was associated with a decrease in the intraovarian 123 

concentration of AA, and several of its downstream metabolites, including several prostaglandins (33). Similarly, 124 
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the amount of AA was decreased in embryonic stem cells (ESC) presenting only one functional copy of the gene 125 

(46). 126 

Deleting the Hsd17b12 gene from the mouse germ line resulted in early embryonic lethality at E9.5 at the latest  127 

(4, 46). A more detailed analysis of the knockout (KO) embryos revealed that the embryos initiate gastrulation, 128 

but their development was disrupted during early organogenesis, indicating that the Hsd17b12 expression is 129 

essential for proper embryonic growth and differentiation. More recently, the fatty acid elongation by HSD17B12 130 

has been shown to play a role in the development of inflammation and cancer (14, 34, 43, 66), and in line with 131 

these studies, HSD17B12 was also associated with a poor progression of ovarian cancer in a recent genome-wide 132 

association study (61). The role of HSD17B12 in ovarian cancer was also indicated by a genome-wide 133 

CRISPR/Cas screen of numerous cancer cell lines (3). 134 

In the current study, we aimed to further characterize the in vivo function of HSD17B12 by generating Hsd17b12 135 

gene deletion at adulthood by utilizing the Cre-lox approach, allowing us to overcome the embryonic lethality 136 

observed in mice with the germ line deletion. 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 
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MATERIALS AND METHODS 147 

Generation of mouse lines with conditional inactivation of HSD17B12 148 

The targeting vector for HSD17B12 (PGS00030_C_C05) was obtained from the European Conditional Mouse 149 

Mutagenesis Program (EUCOMM). In the construct, exon 2 of Hsd17b12 gene was flanked by loxP sites, and a 150 

lacZ as well as neo cassette was flanked by FRT sites. The vector was linearized, and electroporated into G4 151 

hybrid mouse embryonic stem cells (G4, 129S6B6F1) for homologous recombination with standard procedures. 152 

To identify the properly targeted clones, the colonies were screened with specific primers for the wild type (wt) 153 

and the mutated allele (Table 1). The proper homologous recombination was then confirmed by sequencing. 154 

Thereafter, the lacZ-neo cassette was removed from the selected ES cell clones by Flp recombination, and the 155 

cells were injected into C57BL/6N mouse blastocysts. The blastocysts were then surgically transferred into 156 

pseudopregnant foster mothers (NMRI strain). The resulting chimeric offspring were genotyped, and mated with 157 

wt C57BL/6NCrl mice to produce the F1 generation to test the germ line transmission. The mouse colony was 158 

maintained by using the heterozygous littermates in breeding. A schematic representation of the targeted, floxed 159 

and deleted allele is shown in Supplemental Fig. S1A (All supplemental material is available at 160 

https://doi.org/10.6084/m9.figshare.12465512). The presence of the wt and/or mutated Hsd17b12 gene in mice 161 

was analyzed by PCR (Table 1, Supplemental Fig. S1B). The mice with the floxed allele were crossed with 162 

Rosa26CreERT strain (67) to generate a tamoxifen-inducible conditional KO mouse strain (HSD17B12cKO, 163 

Supplemental Fig. S1C). The primer pair used to identify the presence of Rosa26Cre-ERT alleles is listed in Table 164 

1. The adipocyte-specific, tamoxifen-inducible conditional KO mouse strain (aHSD17B12cKO, Supplemental 165 

Fig. S1D) was generated by breeding the HSD17B12-loxP with AdipoqCreERT2 mice (51). The primers used for 166 

genotyping the presence of Cre-ERT2 gene in these mice are shown in Table 1. 167 

Gene deletions in both KO models were induced by daily intraperitoneal injections of 1.5 mg tamoxifen (Tam) 168 

(Sigma-Aldrich, Saint Louis, MO, USA) for five consecutive days. Tamoxifen was dissolved in ethanol and then 169 

diluted 1:10 in rapeseed oil. Ethanol diluted in rapeseed oil was used as a vehicle. 170 
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All animal handlings were conducted under the animal license number 10605/04.10.07/2016, granted by the 171 

Animal Experiment Board in Finland, and were carried out in accordance with the institutional animal care 172 

policies that fully meet the requirements defined in the National Institutes of Health (Bethesda, MD, USA) 173 

guidelines on animal experimentation. Animals were housed at the Central Animal Laboratory at the University 174 

of Turku, Finland, in individually ventilated cages (IVC, Techniplast, Buguggiate, Italy) with approximately 70 175 

air changes per hour, and with constant temperature at 21 ± 3°C and humidity at 55 ± 15%. A 12:12h light:dark 176 

cycle was applied, with a light change at 7 am and 7 pm. Autoclaved aspen chips were used as bedding (Tapvei 177 

Ltd, Harjumaa, Estonia), and soy-free pellets (RM3, Special Diets Services, Essex, UK) and water were available 178 

ad libitum. Every cage had a nest-box and tissue paper was provided for nest building. The animals were 179 

individually identified with ear marks and housed with littermates (1-6 mice per cage). Animals were sacrificed 180 

with CO2 asphyxiation and cervical dislocation. 181 

Analyzing the body weight, body composition and weight of the adipose tissue depots 182 

HSD17B12cKO: The body weight of the mice was monitored for seven days by weighing the mice once a day, 183 

starting at the time of the last Tam injection (day zero). The body composition (lean mass, fat mass, free water) 184 

was measured using the EchoMRI-700™ device (Echo Medical Systems, Houston, TX, USA) in live mice on 185 

day six after the last Tam injection. At the time of necropsy (six days after the last Tam injection) the weight of 186 

the various white adipose tissue (WAT) depots (subcutaneous, gonadal, perirenal), brown adipose tissue (BAT) 187 

as well as various organs (liver, spleen, kidneys, adrenals, pancreas, pituitary, heart) were measured and collected 188 

in liquid nitrogen and formalin. 189 

aHSD17B12cKO: The body weight and composition of the mice were monitored for three months by weighing 190 

the mice and performing the EchoMRI analyses once a month. The mice were sacrificed at the age of five months 191 

and interscapular BAT, subcutaneous, gonadal and perirenal adipose tissue as well as liver were collected in liquid 192 

nitrogen and formalin. 193 

 194 
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Histological analysis 195 

For hematoxylin and eosin (H&E) or Periodic acid–Schiff (PAS) staining, tissues collected at the time of necropsy 196 

were dissected and fixed in 10% buffered formalin at room temperature for 24-48h, dehydrated with increasing 197 

ethanol concentrations and xylene, and embedded in paraffin. After deparaffinization and rehydration, 4 μm-thick 198 

sections were stained with H&E or PAS for microscopic analysis. For Oil Red O (ORO) staining, the tissue 199 

samples were embedded in Tissue-Tek® O.C.T.TM (Sakura Finetek USA, Inc., Torrance, CA, USA) and frozen 200 

in 2-methylbutane cooled with dry ice. Then 8 µm thick sections were cut and stained with ORO (Sigma-Aldrich). 201 

Microscope slides were scanned using Pannoramic 250 Flash digital slide scanner (3DHISTECH Ltd., Budapest, 202 

Hungary). 203 

Quantification of apoptotic cells in the liver 204 

Four micrometers thick paraffin sections of the liver from HSD17B12cKO and control mice (males CTRL n=7, 205 

KO=7; females CTRL n=6, KO=8) were deparaffinized and rehydrated. Antigen retrieval was performed in 206 

microwave in citrate buffer (pH 6.0). Endogenous peroxidase activity was inhibited by 3% H2O2. The sections 207 

were then incubated in the TUNEL reaction mixture containing TdT and biotin-16-dUTP (Roche Diagnostics 208 

GmbH) for 37°C for one hour. The reaction was terminated by adding 300 mM NaCl over the sections. The 209 

sections were then blocked with 3% BSA and incubated in ExtrAvidine (Sigma-Aldrich, diluted 1:500 in 1% 210 

BSA) for 30 min at 37°C, followed by staining with 3,3’ diaminobenzidine (Dako Liquid DAB+ Substrate 211 

Choromogen System; Dako North America, Carpinteria, CA, USA). Finally, the sections were counterstained 212 

with Mayer’s hematoxylin, dehydrated and mounted.  213 

Slides were scanned using Pannoramic 250 Flash digital slide scanner (3DHISTECH Ltd., Budapest, Hungary). 214 

Digital slide images were then imported into QuPath, Version 0.2.0, an open-source software platform (2). 215 

Apoptotic cells were identified using the positive cell detection feature of QuPath, which detects the nuclei and 216 

classifies them as positive (apoptotic cells) or negative with QuPath’s built-in cell segmentation algorithms. The 217 

analysis was performed on one sagittal section of the left lateral lobe per animal (mean area 52.2 mm2). A total 218 
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of three outliers were excluded  by ROUT method in GraphPad Prism (GraphPad Software, La Jolla, CA, USA) 219 

with coefficient Q=1% form male CTRL, male KO and female CTRL groups, one from each group. The mean 220 

percentage of positive nuclei of all detected nuclei was compared between the control and KO groups.  221 

Adipocyte size 222 

PAS-stained adipose tissue slides were scanned for further analysis with Pannoramic 250 Flash series digital slide 223 

scanner (3DHISTECH Ltd). Three to four 10x images were taken with the 3DHISTECH CaseViewer version 2.3. 224 

AdipoCount software (74) was used to measure the average adipocyte size in the images for each animal. 225 

Triglyceride measurement 226 

Frozen liver samples were homogenized in PBS containing 0.01% Nonidet P-40 (Roche Diagnostics GmbH) with 227 

TissueLyser LT (QIAGEN, Hilden, Germany) using 5 mm stainless steel beads at 50 Hz for 2 minutes. After 228 

homogenization, the samples were incubated on ice for 30 minutes and spun down for two minutes at 12000 RCF. 229 

Triglyceride concentration was measured in the supernatants with Serum Triglyceride Determination Kit (Sigma-230 

Aldrich) according to manufacturer’s instructions, scaled down for 96-well plates. The absorbance was measured 231 

with EnSight™ multimode plate reader (PerkinElmer, Waltham, MA, USA). 232 

Analyzing the mRNA expression  233 

RNA was extracted from frozen tissues with TRIsure™ (Bioline, London, UK) and treated with Amplification 234 

Grade DNase I (Sigma-Aldrich). One microgram of RNA was then reverse-transcribed using SensiFAST™ 235 

cDNA Synthesis Kit (Bioline), and mRNA levels were analyzed by quantitative RT-PCR using Dynamo Flash 236 

SYBR Green qPCR Kit (Thermo Fisher Scientific, Waltham, MA, USA) and the CFX96 Real-Time C1000 237 

Thermal Cycler (Bio-Rad, Hercules, CA, USA). Standards were run in duplicates, and all the genes of interest as 238 

well as reference genes ribosomal protein L19 (L19) and peptidylprolyl isomerase A (Ppia) used for 239 

normalization were analyzed in triplicates. Sequences of the primers used are listed in Table 1. 240 

Clinical chemistry analyses of the blood  241 
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Various clinical chemistry parameters were analyzed in seven control (Cre- lox/lox) and six HSD17B12cKO 242 

(Cre+ lox/lox) male mice as well as in five control (Cre- lox/lox) and five (Cre+ lox/lox) female mice on day six 243 

after the Tam induction. Approximately 110 μl of whole blood were collected from saphenous vein in BD 244 

Microtainer® lithium-heparin blood collection tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, 245 

USA) and analyzed for albumin, alkaline phosphatase, alanine aminotransferase (ALT), amylase, blood urea 246 

nitrogen, total calcium, creatinine, globulin, glucose, potassium, sodium, phosphate, total bilirubin and total 247 

protein concentrations using Comprehensive Diagnostic Profile rotor (Abaxis, Inc., Union City, CA, USA) 248 

Vetscan VS2 analyzer (Abaxis, Inc.). 249 

Lipidomics analysis in the serum 250 

For lipidomic studies, blood was collected from five control (Cre-, lox/lox) and five HSD17B12cKO (Cre+, 251 

lox/lox) males, six days post Tam induction via heart puncture, allowed to coagulate overnight at +4ᵒC and spun 252 

down to extract serum. Thereafter, quantitative lipidomic analysis was carried out as described earlier (23). 253 

Shortly, lipids were extracted with liquid-liquid extraction using ethyl acetate and methanol. To a 100 µl serum 254 

sample 1 ml methanol, 1 ml water and 100 μl of labelled internal lipid standards were added, and lipids were 255 

extracted by adding 3.5 ml of ethyl acetate. Dried samples were reconstituted with 250 μl of mobile phase 256 

(dichloromethane:methanol; 50:50, containing 10 mM ammonium acetate) for injection. Lipid separation and 257 

quantitation was performed on the SCIEX Lipidyzer™ platform using a SCIEX 5500 QTRAP® mass 258 

spectrometer (SCIEX, Framingham, MA, USA) with SelexION® Differential ion mobility (DMS) technology. 259 

The lipid molecular species were measured using MRM strategy in both positive and negative polarities. Positive 260 

ion mode was used for the detection of lipid classes dihydroceramides (DCER), hexosylceramides (HCER), 261 

lactosylceramides (LCER), sphingomyelins (SM), diacylglycerols (DAG), cholesteryl esters (CE), ceramides 262 

(CER), triacylglycerols (TAG), and negative ion mode was used for the detection of lipid classes 263 

lysophosphatidylethanolamines (LPE), lysophosphatidylcholines (LPC), phosphatidylcholines (PC), 264 

phosphatidylethanolamines (PE) and free fatty acids (FFA). Lipidomics Workflow Manager software (SCIEX) 265 
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was used for acquisition of samples, automated data-processing, signal detection and lipid species concentration 266 

calculations. Data analysis was performed with MetaboAnalyst 4.0 (11). A total of 856 lipids were analyzed, of 267 

which 222 lipids contained missing values. Of these, 137 lipids were found to have missing values in at least 40% 268 

of samples (2 samples) in both KO and control mice and were, therefore, discarded prior to the statistical analysis. 269 

Missing values from the remaining 85 lipids were imputed using MissForest package (60). Values were log-270 

transformed, and no outliers were observed. 271 

Measuring serum cytokines 272 

Blood was collected via heart puncture from ten control (Cre-, lox/lox) and ten HSD17B12cKO (Cre+, lox/lox) 273 

males as well as nine control (Cre-, lox/lox) and ten HSD17B12cKO (Cre+, lox/lox) females on day six post Tam 274 

induction. To separate serum, blood was allowed to coagulate overnight at +4ᵒC and spun down. Cytokine levels 275 

were measured using Luminex 200 with xPONENT 3.1. software (Luminex, Austin, TX, USA) and MILLIPLEX 276 

MAP Mouse Cytokine/Chemokine Magnetic Bead Panel, MCYTOMAG-70K-PMX (Merck Millipore, 277 

Billerica,MA, USA) according to manufacturer’s protocol. The cytokines measured included granulocyte-colony 278 

stimulating factor (G-CSF), Granulocyte-macrophage colony stimulating factor (GM-CSF), interferon gamma 279 

(IFN-y), interleukin 1 alpha (IL-1a), IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), 280 

IL-13, IL-15, IL-17, interferon gamma-induced protein 10 (IP-10), keratinocyte chemoattractant (KC), monocyte 281 

chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1-alpha (MIP-1a), MIP-1B, MIP-2, 282 

RANTES and tumor necrosis factor alpha (TNFa). The minimum detectable concentrations were 3.2 pg/ml for 283 

all the cytokines except 12.8 pg/ml for IL-13. 284 

Indirect calorimetry 285 

Six control (Cre- lox/lox) and six HSD17B12cKO (Cre+ lox/lox) males were placed (one mouse per cage) in 286 

OxyletPro™ indirect calorimetry cages (Panlab, S.L.U., Barcelona, Spain) three days after the first Tam injection. 287 

The system analyzes changes in O2 and CO2 concentrations and its high precision extensiometric weight 288 

transducer measures water consumption. In addition, the sensor platform records spontaneous activity and rearing 289 
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events to determine activity levels. The measurement (three days) was conducted between days three and five 290 

post Tam induction. 291 

Measuring the food consumption 292 

Three control (Cre- lox/lox) and five HSD17B12cKO (Cre+ lox/lox) males were housed in individual cages. To 293 

determine the amount of consumed food, food pellets were weighed before and after the measuring period in the 294 

morning of day zero (after the last Tam injection) and then every 24 hours until day five post Tam induction. 295 

[18F]FDG positron emission tomography (PET) studies 296 

To standardize blood glucose level, mice were fasted for 3 h with ad libitum access to water prior to 2-[18F]fluoro-297 

2-deoxy-D-glucose ([18F]FDG) injection. The blood glucose concentrations were measured using a glucometer 298 

(Bayer Contour, Bayer, Leverkusen, Germany) before and after [18F]FDG PET/computed tomography (CT) 299 

imaging. For PET/CT imaging, the mice were anesthetized using isoflurane (3-4% induction and 1-2% 300 

maintenance) and the tail vein was cannulated. The mice were intravenously injected with 5.1 ± 0.1 MBq of 301 

[18F]FDG and scanned using a small-animal PET/CT (Inveon Multimodality, Siemens Medical Solutions, 302 

Knoxville, TN, USA) for 60 minutes starting from the time of the injection. The PET data acquired in a list mode 303 

was iteratively reconstructed with an ordered subset expectation maximization 3D algorithm, followed by 304 

maximum a posteriori reconstruction. Quantitative PET image analysis was performed using Carimas 2.9 305 

software (Turku PET Centre). The regions of interest were defined in brain, heart, kidney, liver, lung, muscle and 306 

urinary bladder using CT as the anatomical reference. The uptake of [18F]FDG was reported as a standardized 307 

uptake value (SUV) which takes into account animal weight and injected radioactivity dose. Immediately after 308 

PET/CT, blood was collected via cardiac puncture under terminal isoflurane anesthesia and mice were sacrificed 309 

by cervical dislocation, various tissues were excised and weighted, and their total radioactivity was measured 310 

using a gamma counter (Triathler 3”, Hidex Oy, Turku, Finland). The results were expressed as SUV. 311 

Statistical analysis 312 
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Statistical analyses were carried out using GraphPad Prism 8.1.2 software (GraphPad Software, La Jolla, CA, 313 

USA). Outliers were identified using ROUT method in Prism with coefficient Q=1%. Shapiro-Wilk test was used 314 

to test for normal distribution. The statistical tests were chosen depending on the results of the Shapiro-Wilk tests 315 

of data normality. If not otherwise indicated, unpaired t test or nonparametric Mann-Whitney test was used to 316 

determine the statistical significance between two groups at single time point and two-way ANOVA for multiple 317 

time points. For adipocyte size and Hsd17b12 mRNA expression, the statistical significance was analyzed by 318 

one-way ANOVA. The threshold for statistical significance was set at p<0.05. Results were expressed as mean ± 319 

standard deviation (SD), unless otherwise indicated. 320 

 321 

Supplemental Figures are available at https://doi.org/10.6084/m9.figshare.12465512 322 

 323 

  324 
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RESULTS 325 

Inducing HSD17B12 gene inactivation in adulthood results in dramatic weight loss 326 

In the HSD17B12cKO mouse model, the exon 2 deletion was initiated at the age of eight weeks by injecting 1.5 327 

mg of Tam/day for five consecutive days. This resulted in a marked decrease in Hsd17b12 mRNA levels in the 328 

different tissues measured six days after Tam injection, while with vehicle injection no effect on the mRNA 329 

expression was observed (Fig. 1A). This confirmed the Tam-dependency of the gene deletion. The strongest 330 

reduction in the mRNA level was observed in the liver with a drop of 94%, followed by the colon (85%), the 331 

WAT (77%) and BAT (76%). Also in the kidney (50%) and spleen (56%) a significant reduction was observed. 332 

In the different brain regions and adrenals the mRNA levels were not reduced significantly six days after 333 

completing the Tam treatment (Fig. 1A), despite the confirmed expression of tamoxifen-inducible Cre-334 

recombinase. The reason for phenotyping the mice only six days after the initiation of the gene deletion was due 335 

to the fact that both the male and female HSD17B12cKO mice were dramatically losing body weight during these 336 

6 days (Fig. 1B), and at day 6 the weight was reduced 17% in males (KO day zero, 30.3 g ± 1.45 g; KO day six, 337 

25.1 ± 3.17 g) and 24% in females (KO day zero, 23.2 g ± 0.95 g; KO day six, 18.1 g ± 1.59 g). No effect on body 338 

weight during the study period was observed in the Tam-treated controls lacking the Cre or expressing one wt 339 

allele. The weight loss was especially severe from day four to six. The physical appearance and behavior of the 340 

HSD17B12cKO mice were normal until day six, while at day six the mice sat hunched and showed other signs 341 

of general indisposition, and thus, the study period could not be extended. As analyzed by EchoMRI, the weight 342 

loss was accompanied with drastically lower fat content in the HSD17B12cKO mice compared with the Tam-343 

treated controls in both females and males (56% and 66% lower, respectively, Fig. 1C). The reduced fat mass was 344 

confirmed ex vivo by analyzing the weights of the different adipose tissue depots (Supplemental Fig. S2). The 345 

reduced amount of fat in the HSD17B12cKO mice was also associated with reduced lipid droplet size in both the 346 

WAT and BAT in HSD17B12cKO mice compared with controls (Fig. 1D). The loss of fat tissue was accompanied 347 

by a significant loss of the lean mass (23% in females and 25% in males). 348 
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The weight loss in HSD17B12cKO mice is caused by reduced water and food intake, while the hypothalamic 349 

regulation of feeding is intact 350 

To define the cause of the rapid loss of adipose tissue, we first assessed the overall energy consumption of 351 

HSD17B12cKO males. The data indicated that energy consumption of the HSD17B12cKO did not differ from 352 

that of the control mice when normalized to the lean mass (Supplemental Fig. S3A). Therefore, the results indicate 353 

that the weight loss was not primarily due to an increased metabolic rate of the HSD17B12cKO mice. Neither 354 

was there a difference in the locomotor activity (Supplemental Fig. S3B) or in the number of rearing events 355 

(Supplemental Fig. S3C) between the HSD17B12cKO and the control mice. However, HSD17B12cKO males 356 

show a decreased respiratory exchange ratio during day four, indicating a switch from using carbohydrates as the 357 

fuel source to burn fat (Supplemental Fig. S3D). While measuring the water and food intake we observed that the 358 

HSD17B12cKO mice drastically reduced water consumption during the days three to five after Tam induction 359 

(Fig. 2A), as well as the caloric intake was markedly reduced during the days two to five post induction (Fig. 2B). 360 

The control males consumed 3.7-4.0 g of chow per day while the HSD17B12cKO males consumed only 0.4-1.4 361 

g per day, resulting in significantly reduced food consumption over the study period (p< 0.004), also indicated by 362 

lower serum glucose levels in KO mice compared to controls (Table 2). Increased levels of serum albumin and 363 

total proteins in HSD17B12cKO compared with the controls, measured on day six post induction, indicated severe 364 

dehydration of HSD17BcKO mice (Table 2). The lipid contents in the feces of KO mice did not differ from that 365 

of the control mice, suggesting that the weight loss was not due to fat malabsorption in the KO mice (Fig. 2C). 366 

These data prompted us to assess the expression levels of the genes mediating the satiety and hunger signals in 367 

the hypothalamus. mRNAs for major hunger-inducing signaling components, such as neuropeptide Y (Npy) and 368 

agouti-related peptide (Agrp) were upregulated, while for those regulating satiety, proopiomelanocortin (Pomc) 369 

was downregulated and corticotropin releasing hormone (Crh), was upregulated in the HSD17B12cKO mice 370 

compared with the control mice (Fig. 2D). Using [18F]FDG PET imaging, both in vivo and ex vivo results 371 

(Supplemental Fig. S4) indicated a normal, or slightly increased, glucose uptake in the brain of HSD17B12cKO 372 
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mice compared with the controls. These results suggest that the hypothalamic regulation of feeding is responsive 373 

to the weight loss condition, and that the observed metabolic defect is not of hypothalamic origin. 374 

HSD17B12 expression in the adipocytes is not essential for the metabolic homeostasis 375 

We also investigated whether the significantly reduced HSD17B12 expression detected in the adipose tissue of 376 

the HSD17B12cKO (Fig. 1A) initiates the observed metabolic disturbance. For this purpose, we generated an 377 

inducible adipocyte-specific HSD17B12 KO mouse model (aHSD17B12cKO). The gene deletion in the 378 

adipocytes was induced by a 5-day-long Tam treatment at the age of eight weeks, followed by the analysis of 379 

body weight and body composition of the mice. However, within six days after Tam treatment no alteration in 380 

body weight or fat content was observed. Neither did we observe a phenotype similar to that of the 381 

HSD17B12cKO mice at any of the later time points, despite a marked decrease in Hsd17b12 mRNA expression 382 

in the adipocytes (Fig. 3A). Three months after the Tam injection, the aHSD17B12cKO mice presented with a 383 

body fat mass and lean mass similar to those of the control mice (Fig. 3B-D). Furthermore, the lipid droplets 384 

within adipocytes did not appear smaller in the aHSD17B12cKO mice than in the control mice (Fig. 3E). These 385 

results indicated that the loss of HSD17B12 activity in the adipocytes in adult mice does not lead to the severe 386 

metabolic alteration and starvation that was observed in the HSD17B12cKO mice. 387 

Inducing HSD17B12 gene inactivation at adulthood results in altered serum lipid profile, liver steatosis 388 

and signs of general toxicity 389 

We next performed serum lipidomic analysis to obtain a more detailed understanding of the consequences of the 390 

Hsd17b12 disruption on circulating lipids in HSD17B12cKO mice. As expected, and shown by the heat map (Fig. 391 

4A), the majority of the 872 metabolites of 13 different lipid classes measured were at markedly lower levels in 392 

the HSD17B12cKO mice, while some lipid species accumulating in the KO mice were identified as well. The 393 

genotypes completely segregated into separate clusters according to the phenotype. The Volcano-plot (Fig. 4B) 394 

shows that TAG was the most severely decreased lipid class, but also CER, LPE, LPC, PC, SM and LCER were 395 

significantly decreased in HSD17B12cKO serum compared to controls. Interestingly, the HSD17B12cKO 396 
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showed a 1.39 fold higher concentration of DCER (log2(1.39) = 0.48) Fig. 4B) compared to controls, being the 397 

only lipid class found to accumulate during the weight loss. As the total amount of ceramides was markedly 398 

reduced, the DCER/CER ratio was increased by 2.6-fold (CTRL, DCER/CER = 0.16; KO, DCER/CER =0.42), 399 

with highest increase in the concentration of DCER (FA16:0). In all groups of ceramides (CER, DCER, LCER 400 

and HCER), we also observed increased relative amount of fatty acids with chain length of 14 and 16 carbon 401 

atoms (FA 14:0 and FA16:0), and a reduced amount of fatty acids with longer chain lengths (FA 18:0 and FA20:0, 402 

FA22:0 and 22:1, FA24:0 and 24:1, Fig. 4C). This strongly suggests a defect in the fatty acid elongation in the 403 

HSD17B12cKO. To our surprise, we did not observe any specific changes in the AA levels as a free form, or as 404 

a component of the various lipid classes. 405 

Six days after the Tam injection we observed significant fat accumulation in the livers of female HSD17B12cKO 406 

mice (Fig. 5A,C). Fat accumulation was observed in some HSD17B12cKO male mice as well, but the difference 407 

in the amount of triglycerides between the control males and HSD17B12cKO males did not reach statistical 408 

significance. The liver injury in HSD17B12cKO mice was further supported by an 8-fold (p< 0.005) and a 5-fold 409 

increased serum ALT levels in HSD17B12cKO females and males, respectively, compared with control mice 410 

(Fig. 5B). In females, microvesicular steatosis was associated with a trend of increasing percentage of apoptotic 411 

cells in the HSD17B12cKO livers, indicating lipotoxic hepatocellular injury as well (Fig. 5D). 412 

As the HSD17B12cKO mice showed signs of general toxicity and chronic pain with distress presented with 413 

piloerection, social isolation, partially closed eyelids, unresponsiveness and snout grooming, we measured 414 

cytokines in serum to analyze their general inflammatory status. The data revealed a marked increase in IL-6, IL-415 

17 and G-CSF levels in both male and female KO mice compared to the controls (Table 3.). In addition, the data 416 

indicated a minor decrease in the levels of IP-10, IL-1a and IL-5 in males, and of MIP-1a, IFN-g and KC in 417 

females. These results further confirmed that the HSD17B12cKO mice suffered from systemic inflammation. 418 

Energy depletion leads to reduced hepatic de novo lipogenesis and increased gluconeogenesis in 419 

HSD17B12cKO mice 420 
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The analysis of mRNA expression in liver samples of male mice six days after Tam induction did not indicate an 421 

enhanced FA uptake, as the mRNAs for the cluster of differentiation 36 (Cd36) and the fatty acid transport protein 422 

2 (Fatp2) were not altered (Supplemental Fig. S5). Neither was there a difference in the mRNAs for the proteins 423 

centrally involved in FA oxidation between the control and HSD17B12cKO mice. Those measured included 424 

peroxisome proliferator-activated receptor alpha (Ppara), carnitine palmitoyl transferase 1 (Cpt1a) and acyl-CoA 425 

oxidase 1 (Acox1). However, of the mRNAs coding for the enzymes involved in FA esterification, diacylglycerol 426 

O-acyltransferase 1 (Dgat1) presented with a trend of higher expression in the HSD17B12cKO than in the control 427 

animals, while the mRNAs of key enzymes involved in de novo lipogenesis, such as acetyl-CoA Carboxylase 428 

alpha (Acaca), fatty acid synthase (Fasn) and Acyl-CoA desaturase 1 (Scd1)] were decreased in the 429 

HSD17B12cKO mice compared with the controls.  430 

PAS staining of liver sections six days after Tam induction showed reduced glycogen contents in the 431 

HSD17B12cKO livers compared with control livers. As a compensatory effect, mRNA expression for the enzyme 432 

presenting the rate limiting step in gluconeogenesis, namely phosphoenolpyruvate carboxykinase (Pepck), was 433 

significantly increased in the HSD17B12cKO mice, and mRNA for Pkrl, which encodes for a pyruvate kinase 434 

was decreased in the KO animals. These results show that the hepatic glycogen storages of HSD17B12cKO mice 435 

were depleted six days after knockout induction, and that the lipids accumulating within the hepatocytes were not 436 

of hepatic origin. 437 

 438 

 439 

 440 

 441 

 442 

  443 
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DISCUSSION 444 

In the present study, we generated an inducible conditional HSD17B12 KO mouse by crossing the HSD17B12-445 

loxP mice with mice expressing tamoxifen-inducible Cre recombinase under the ubiquitously expressed Rosa26 446 

locus. Our previous studies showed that HSD17B12 is essential for mouse embryonic development (46). In the 447 

current study, we showed that HSD17B12 activity is also essential for normal metabolic homeostasis in adult 448 

mice. The disruption of the HSD17B12 action led to a drastic loss of body weight within six days post induction, 449 

evidenced by reduced fat and lean mass as well as severe dehydration. The weight loss was not observed in the 450 

adipocyte-specific HSD17B12cKO mouse model, indicating that, despite the high expression of Hsd17b12 in 451 

murine fat, the loss of storage fat was not due to disrupted HSD17B12 function in the adipose tissue. 452 

During the first five days after tamoxifen induction the general wellbeing of HSD17B12cKO mice appears 453 

normal, apart from weight loss. On the day six, we observed hunched posture, closed eyelids and reduced 454 

locomotor activity, which all are signs of general illness and pain (8, 17, 18), and no studies beyond day six post 455 

induction were warranted. Similar signs are often observed in mouse models of sepsis (56) and in pathogen-456 

induced sickness (35), as well as during cytotoxic chemotherapy (19, 48). The HSD17B12cKO mice seemed to 457 

have a trend of decreased locomotor activity already between the days three and five, but the difference observed 458 

was not significant. Furthermore, the HSD17B12cKO mice showed microsteatosis and increased triglyceride 459 

accumulation in the liver together with increased plasma ALT levels, which all are indicators of liver injury (6, 460 

37, 68), [for review (55)]. Female mice are known to be more sensitive to toxicity compared to males (30, 31, 461 

59). This is in line with the higher serum ALT levels in HSD17B12cKO females compared to the KO males. 462 

There was also a trend for an increased apoptosis in female livers, but not in male livers. Thus, various indicative 463 

parameters for general wellbeing indicate that the mice with disrupted HSD17B12 enzyme suffer from general 464 

toxicity likely due to accumulation of toxic intermediates originating from the disrupted lipid metabolism. 465 

The data indicated an increased level of pro-inflammatory cytokines, such as IL-6, IL-17 and G-CSF in the 466 

HSD17B12cKO mice. IL-6 has been shown to induce cachexia by increasing lipolysis in WAT (25, 70). 467 
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Furthermore, elevated serum IL-6 has been linked to weight loss in both cancer cachexia (54) and anorexia 468 

nervosa patients (15, 16). Thus, increased IL-6 is one potential mechanism for the weight loss observed in the 469 

HSD17B12cKO mice. The reduced lean mass and reduced glucose uptake in muscles in the HSD17B12cKO 470 

animals could be explained by elevated IL-6 as well, as high IL-6 has been shown to induce muscle atrophy in 471 

animal models of cachexia [for review (18)]. It is still unclear how the lack of HSD17B12 leads to an increase in 472 

the proinflammatory cytokines. However, our previous studies showed that disruption of HSD17B12 in mice 473 

leads to lower levels of prostanoids (PGD2, PGE2 PGF2a and TXB2) in ovaries (33). Prostanoids are involved 474 

in the regulation of cytokine production [for review (63)] and low levels of prostaglandin E2 has been shown to 475 

increase IL-17 levels (49), and increased IL-17, in turn, is capable of inducing both IL-6 and G-CSF (12, 71), 476 

consequently promoting inflammation and sickness behavior.  477 

HSD17B12 deficiency drastically reduced water and food intake in three days. Thus, the weight loss observed in 478 

HSD17B12cKO mice could be explained by the reduced food and water intake. Similarly, a fast for 48h is 479 

sufficient to produce a weight loss up to 20% of body weight in mice (20). Moreover, we did not observe any 480 

changes in the whole body energy expenditure in the KO mouse, suggesting their general metabolism is not 481 

activated over that of the control mice. In a fasting state, the hypothalamic orexigenic peptide expressions of Npy 482 

and Agrp are known to increase, while anorexigenic Pomc mRNA is known to decrease in order to increase food 483 

intake and replenish the energy storages (9, 13, 24, 50, 52, 53), and accordingly, this was also observed in 484 

HSD17B12cKO mice six days post induction. This indicates that the hypothalamic regulation of hunger and 485 

satiety was responding to starvation in the HSD17B12cKO mice. Surprisingly, the Hsd17b12 gene was still 486 

expressed in the brain, indicating that the 6-day-long time period following the Tam injection was not sufficient 487 

to induce the Cre-mediated recombination in the brain. However, the anorexigenic Crh expression was increased 488 

in the KO mice. Crh is also a major regulator of stress response (27) and administration of CRH is known to 489 

suppress appetite, and cause anorexia in mice (5, 21, 62). Thus, the increased Crh expression in HSD17B12cKO 490 

mice in adulthood is in line with the observed stress response in the mice and, in addition to IL-6, could inhibit 491 

food intake. 492 
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In line with the heavily reduced adipose mass, serum lipid concentrations were mostly reduced in the 493 

HSD17B12cKO mice compared to controls. However, we surprisingly observed an increased concentration of 494 

dihydroceramides in our KO model. Recent studies have found dihydroceramides as regulators of autophagy in 495 

cell culture models of hepatic steatosis and cancer (28, 36). Furthermore, an increased ratio of 496 

dihydroceramides:ceramides has been shown to mediate apoptosis (28), and starvation is also known to induce 497 

autophagy (44, 47, 72). Thus, the increased dihydroceramide levels in HSD17B12cKO could contribute to the 498 

observed liver steatosis and inflammation. The lipidomics data also revealed a proportional increase in FA16 499 

containing lipids in the HSD17B12cKO mice with an equivalent decrease in lipids including longer fatty acids 500 

(FA18, FA20, FA22, FA24). This was also observed in cholesteryl esters, and to some extent in SM (short ones 501 

accumulate, long ones did not change), but this proportional increase in shorter fatty acids was not observed in 502 

the FFA, LPC, LPE, PC, PE or TAG classes. Together, this data suggests that HSD17B12 is essential for the 503 

normal composition of sphingomyelins and their precursors, i.e. ceramides and dihydroceramides. 504 

Due to their heavily reduced food intake, the metabolic state of HSD17B12cKO mice at least partially resembles 505 

that of prolonged fasting. De novo lipogenesis appeared to be decreased, while gluconeogenesis was increased in 506 

the HSD17B12cKO mice, in line with previous studies on fasting response (40, 57). Defects in FA oxidation is a 507 

common cause behind fat accumulation in the hepatocytes in NAFLD [for review (38)]. However, this does not 508 

seem to be the mechanism for liver steatosis in the HSD17B12cKO mice. Of the other enzymes studied, DGAT1 509 

preferably esterifies FAs imported to the cell, while DGAT2 utilizes FAs originating from de novo lipogenesis. 510 

Thus, the observed trend of induced Dgat1 expression in the liver without a change in the Dgat2 expression 511 

supports the idea of increased fat mobilization from adipose tissue in the HSD17B12cKO mice (45, 65, 69). 512 

In conclusion, our KO mouse data show that Hsd17b12 is essential for metabolic homeostasis in adult mice, and 513 

Hsd17b12 gene disruption leads to severe weight loss and liver steatosis. Mice with disrupted HSD17B12 enzyme 514 

suffer from general toxicity, possibly due to accumulation of toxic intermediates originating from the disrupted 515 

lipid metabolism or an imbalance in the production of prostaglandins and cytokines, leading to cytokine-induced 516 
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sickness behavior. We suggest that the drastic loss of adipose tissue is largely due to an anorexia phenotype, 517 

potentially induced by the accumulation of toxic lipids. Further studies are needed to investigate the detailed 518 

mechanisms behind the severe inflammation and disrupted lipid homeostasis.  519 

  520 
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FIGURE LEGENDS 775 

Figure 1. Hsd17b12 expression, body weight and body composition in mice with induced HSD17B12 776 

deletion at adulthood. (A) Hsd17b12 expression in the liver, BAT, gonadal fat, adrenals, testis, thalamus, 777 

cerebral cortex, spleen, kidney, and colon of HSD17B12cKO male mice six days post induction, (Cre- lox/wt, 778 

Veh n=3-5; Cre- lox/wt, Tam n=3-6; Cre+ lox/lox, Veh n=4-5; Cre+ lox/lox, Tam n=4-6). Two liver samples of 779 

Cre- lox/wt were used as positive controls with every sample set and the expression level in them was set to 1. 780 

The expression levels in other tissues were proportioned to that of the positive controls. The results were analyzed 781 

with one-way ANOVA. (B) The body weight of HSD17B12cKO males and females decreased drastically within 782 

six days from the induction of Cre-recombination. Black circles: CTRL males (n=10-23), white circles: (KO) 783 

males (n=17-29), black squares: CTRL females (n=7-20), white squares: KO females (n=7-15). The CTRL (Cre- 784 

lox/wt, Tam) and KO (Cre+ lox/lox, Tam) groups in both sexes were compared with each other at each time point 785 

using t test. (C) Top left: Body fat mass. Top right: Lean mass. Bottom left: The ratio of fat mass to lean mass. 786 

Bottom right: Body water content of HSD17B12cKO mice on day six compared with the control mice. (Males 787 

Cre- lox/wt, Tam, n=6; males Cre+ lox/lox, Tam, n=7; females: Cre- lox/wt, Tam, n=7; females Cre+ lox/lox, 788 

Tam, n=6.) The CTRL (Cre- lox/wt, Tam) and KO (Cre+ lox/lox, Tam) groups in both sexes were compared with 789 

each other using t test.  (D) Subcutaneous WAT and BAT depots of 10-week-old male mice were stained with 790 

PAS stain. Top row: Subcutaneous white fat and bottom row: Brown fat. Scale bar 100 μm. 791 

Figure 2. Water and food consumption of HSD17B12cKO mice. (A) Cumulative water consumption of males 792 

during days three, four and five post induction. Two-way ANOVA. (B) Cumulative food consumption of males 793 

during days one to five post induction. Two-way ANOVA. (C) Lipid content in feces of control (CTRL) and 794 

HSD17B12cKO (KO) mice. (Males CTRL, Tam, n=3; males KO, Tam, n=4; females: CTRL, Tam, n=7; females 795 

KO, Tam, n=7). The CTRL and KO groups in both sexes were compared with each other using t test.  (D) relative 796 
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mRNA expression levels of genes regulating hunger signaling [Neuropeptide Y (Npy) and Agouti-related peptide 797 

(Agrp)] as well as satiety signaling genes [proopiomelanocortin (Pomc) and Corticotropin releasing hormone 798 

(Crh)] in control (CTRL) and HSD17B12cKO (KO) female mice on day 6 post induction in the hypothalamus. T 799 

test. (CTRL, Cre- lox/lox, Tam, n=8; KO, Cre+ lox/lox, Tam, n=7-8). 800 

Figure 3. Body composition of the adipocyte-specific HSD17B12cKO mice. (A) Hsd17b12 expression in the 801 

liver, brown fat (BAT), gonadal fat (GF) and perirenal fat (RF) (Cre- lox/wt, Veh n=4; Cre- lox/wt, Tam n=4; 802 

Cre+ lox/lox, Veh n=4; Cre+ lox/lox, Tam n=5). One-way ANOVA. (B) Body weights of males and females. (C) 803 

The body fat mass of males and females, (D), lean mass, two-way ANOVA. (E) gonadal fat of five month old 804 

males stained with H&E and mean adipocyte size in gonadal fat of male mice (Cre- lox/wt, Veh n=3; Cre- lox/wt, 805 

Tam n=4; Cre+ lox/lox, Veh n=4; Cre+ lox/lox, Tam n=6). Scale bar=100μm. One-way ANOVA. 806 

Figure 4. Serum lipidomics of HSD17B12cKO males on day six after tamoxifen induction. (A) Heatmap of 807 

lipid species concentration and (B) volcano plot of lipid class concentrations. (C) Lipid species composition of 808 

dihydroceramides (DCER), ceramides (CER), lactosylceramides (LCER) and hexosylceramides (HCER) of 809 

control (CTRL) and HSD17B12cKO (KO) males on day 6 post induction. T test. Gray lines represent median 810 

values. ND=not detected. (CTRL, Cre- lox/lox, Tam, n=5; KO, Cre+ lox/lox, Tam, n=5).  811 

Figure 5. Liver histology of HSD17B12cKO males of 10 week-old male mice. Mice were sacrificed on day six 812 

after the induction of Cre-recombination. (A) Hematoxylin&Eosin (top row), Oil Red O (middle row) staining as 813 

well as terminal deoxynucleotidyl transferase dUTP nick end labeling of control (CTRL) and HSD17B12cKO 814 

(KO) male and female mice show microvesicular steatosis and apoptosis in the KO mice. The arrowheads indicate 815 

apoptotic cells and arrows indicate lipid droplets. (B) Alanine aminotransferase activity in serum, (C) the 816 

concentration of hepatic triglycerides, and (D) percentage of apoptotic cells in the liver on day six after Tam 817 

induction of control (CTRL) and HSD17B12cKO (KO) mice. Males CTRL, Cre- lox/lox, Tam, n=6-7 and KO, 818 

Cre+ lox/lox, Tam, n=6, females CTRL, Cre- lox/lox, Tam, n=5-6 and KO, Cre+ lox/lox, Tam, n=6-8. Squares 819 
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represent individual values and horizontal lines represent median value. Red squares indicate the animal seen in 820 

the histological images. T test. Scale bar 50 μm. 821 
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Table 1. Primers used for genotyping PCR and qRT-PCR assays. 

Target  Sequence (5’- 3’) Amplicon size (bp) Annealing T (C) 

     

SCREENING PCR     

17bHSD12Arm5GF2 for GCATGCTTCTCTTCTTTGTT 5314 55.0 

17bHSD12Arm5UR1 rev TACATAGTTGGCAGTGTTTG   

FRse1 for GAGATGGCGCAACGCAATTA 4597 55.0 

17HSD12Arm3GR2 rev GCTGGAAAGGCTTTTGTGTC   

     

GENOTYPING PCR     

Hsd17b12 for TTAGGCTTTACTAGCATATAGC 206 (wt) 60.0 

 rev TATAAGGAAACGGAAGCTCA 400 (loxP)  

Rosa26Cre for GCACGTTCACCGCATCAAC 320 60.0 

 rev CGATGCAACGAGTGATGAGGTTC   

Adipoq-Cre for ATACCGGAGATCATGCAAGC 200 58.0 

 rev GGCCAGGCTGTTCTTCTTAG   

     

qRT-PCR     

Acaca for 

rev 

GCCTCTTCCTGACAAACGAG 

TGACTGCCGAAACATCTCTG 

239 60.0 

Acox1 for 

rev 

TTATGCGCAGACAGAGATGG 

AGGCATGTAACCCGTAGCAC 

209 61.7 

Agrp for CTTTGGCGGAGGTGCTAGAT 75 59.0 

 rev AGGACTCGTGCAGCCTTACAC   

CD36 for 

rev 

GATGACGTGGCAAAGAACAG 

TCCTCGGGGTCCTGAGTTAT 

107 59.6 

Cpt1a for 

rev 

CCAGGCTACAGTGGGACATT 

GAACTTGCCCATGTCCTTGT 

209 57.0 

Crh for ACTCAGAGCCCAAGTACGTT 164 60.9 

 rev GCTCTCTTCTCCTCCCTTGG   

Dgat1 for 

rev 

GCCACAATCATCTGCTTCCC 

CCACTGACCTTCTTCCCTGT 

190 60.0 

Dgat2 for 

rev 

CCAAGAAAGGTGGCAGGA 

TGAAGTTACAGAAGGCACCC 

174 60.0 

Fasn for 

rev 

TGGGTTCTAGCCAGCAGAGT 

ACCACCAGAGACCGTTATGC 

158 59.0 

Fatp2 for 

rev 

ATGCCGTGTCCGTCTTTTAC 

GACCTGTGGTTCCCGAAGTA 

168 59.6 

G6pc for 

rev 

CTGTTTGGACAACGCCCGTAT 

AGGTGACAGGGAACTGCTTTA 

91 61.8 

L19 for GGACAGAGTCTTGATGATCTC 195 60.0 

 rev CTGAAGGTCAAAGGGAATGTG   

Npy for CCGCTCTGCGACACTACAT 68 60.9 

 rev TGTCTCAGGGCTGGATCTCT   

Pepck for 

rev 

CTGAAGGTGTCCCCCTTGTC 

GATCTTGCCCTTGTGTTCTGC 

110 59.6 

Pklr for 

rev 

TGGCATCGAAAGTGGAAAGC 

GATGTGGGACTATGGGAGGG 

193 60.9 

Pomc for CAAGCCGGTGGGCAAGAAACG 119 60.9 

 rev CTAATGGCCGCTCGCCTTCCAG   

Ppara for 

rev 

ATGCCAGTACTGCCGTTTTC 

GGCCTTGACCTTGTTCATGT 

220 61.8 

Ppia for CATCCTAAAGCATACAGGTCCTG 165 60.0 

 rev TCCATGGCTTCCACAATGTT   

Scd1 for 

rev 

CATTCTCATGGTCCTGCTGC 

TGCCTTGTAAGTTCTGTGGC 

163 59.6 

     

for=forward, rev=reverse, bp=base pairs 



Table 2. Clinical chemistry results from whole blood of HSD17B12cKO mice. 

  Males  Females 

Parameter Control 

n=7  

HSD17B12cKO 

n=6 

Fold Change p-value Control  

n=5 

HSD17B12cKO 

n=5 

Fold Change p-value 

Albumin (g/l) 40.7 ± 2.43 46.8 ± 3.49 1.15 0.017* 46.2 ± 1.30 50.8 ± 3.06 1.10 0.013* 

Alkaline phosphatase (U/l) 134 ± 25.1 186 ± 37.5 1.39 0.024* 198 ± 23.4 180 ± 27.4 0.91 0.429 

Alanine aminotransferase (U/l) 27.3 ± 5.96 126 ± 120 4.63 0.190 22.0 ± 2.73 170 ± 66.6 7.71 0.004** 

Amylase (U/l) 827 ± 52.9 870 ± 163 1.05 0.485 715 ± 34.4 653 ± 144 0.91 0.429 

Total bilirubin (μmol/l) 4.57 ± 0.79 4.80 ± 0.84 1.05 0.665 4.40 ± 0.54 5.00 ± 1.00† 1.14 0.357 

Blood urea nitrogen (mmol/l) 7.66 ± 0.69 14.1 ± 14.3 1.84 0.394 6.84 ± 1.08 15.2 ± 13.9 2.23 0.011* 

Total calcium (mmol/l) 2.51 ± 0.05 2.52 ± 0.08 1.01 0.732 2.56 ± 0.04 2.62 ± 0.03 1.02 0.050* 

Phosphate (mmol/l) 2.95 ± 0.45 2.03 ± 0.46 0.69 0.026* 2.37 ± 0.36 2.31 ± 0.44 0.98 0.931 

Creatinine (μmol/l) 23.1 ± 5.58 29.3 ± 11.6 1.27 0.446 25.6 ± 7.76 22.5 ± 7.15 0.88 0.307 

Glucose (mmol/l) 8.71 ± 1.55 5.33 ± 3.24 0.61 0.071 8.12 ± 1.36 5.13 ± 2.00 0.63 0.017* 

Sodium (mmol/l) 148 ± 1.89 149 ± 2.40 1.01 0.316 148.± 2.68 154 ± 3.44 1.04 0.022* 

Potassium (mmol/l) 6.26 ± 0.81 5.78 ± 0.67 0.92 0.452 5.90 ± 1.13 6.23 ± 1.19† 1.06 0.875 

Total protein (g/l) 58.1 ± 2.54 65.7 ± 5.72 1.13 0.039* 60.2 ± 1.64 66.3 ± 4.97 1.10 0.015* 

Globulins (g/l) 17.1 ± 2.19 18.8 ± 2.56 1.10 0.290 14.0 ± 0.71 15.7 ± 2.73 1.12 0.221 

Stars indicate significantly different results 

 



Table 3. Cytokine concentrations measured in serum of HSD17B12cKO mice. 

Mean ± SD. T test or nonparametric Mann-Whitney test depending on the normality of the data. Stars indicate significantly different results. FC= Fold change. ns=not significant 

 
Males Females 

Cytokine 
Control 

n=10 

HSD17B12cKO 

n=10 
FC p-value 

Control 

n=9 

HSD17B12cKO 

n=10 
FC p-value 

G-CSF 511 ± 266 1175 ± 299 2.30 <0.001 *** 628 ± 341 7953 ± 3753 12.6 <0.001 *** 

IFN-y 5.32 ± 2.02 4.38 ± 1.59 -1.22 ns 6.10 ± 2.86 3.86 ± 2.36 -1.58 0.028 * 

IL-1a 417 ± 104 279 ± 87.9 -1.50 0.005 ** 228 ± 74.2 199 ± 114 -1.15 ns 

IL-5 23.7 ± 17.6 10.0 ± 3.56 -2.37 0.009 ** 27.2 ± 6.29 20.9 ± 16.5 -1.30 ns 

IL-6 7.43 ± 7.90 59.6 ± 48.9 8.02 <0.001 *** 5.35 ± 1.37 189 ± 125 35.3 <0.001 *** 

IL-17 20.44 ± 9.74 117.5 ± 96.2 5.75 0.005 ** 35.75 ± 27.0 147.9 ± 88.1 4.14 0.001 ** 

IP-10 481 ± 116 353 ± 121 -1.36 0.026 * 391 ± 100 409 ± 209 1.05 ns 

KC 710 ± 496 531 ± 477 -1.34 ns 385 ± 186 1756 ± 1040 4.55 0.002 ** 

MIP-1a 32.1 ± 12.1 39.7 ± 20.3 1.24 ns 32.1 ± 8.87 20.9 ± 5.84 -1.54 0.014 * 
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Supplemental Figure S1. Generation of the conditional HSD17B12 knockout mice. (A) The triangles 
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acceptor (En2 SA), β-galactosidase coding LacZ sequence (lacZ), the neomycin resistance gene (neo) and 
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Supplemental Figure S2. Internal organ weights on day six after tamoxifen induction in 
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Supplemental Figure S3. Energy expenditure, respiratory exchange ratio and activity 
of HSD17B12cKO males 3 to 5 days post induction. (A) The energy expenditure of 
HSD17B12cKO (KO; Cre+ lox/lox, Tam) mice does not differ that of control mice (CTRL; 
Cre- lox/lox, Tam). (B) The respiratory exchange ratio of the males becomes lower during 
day 4 post-induction. The solid vertical line indicates the beginning point of switching from 
carbon to fat as an energy fuel in the HSD17B12cKO males. (C) The locomotor activity and 
(D) rearing events did not differ between the KO and control mice. Two way ANOVA.
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Supplemental Figure S4. Effects of Hsd17b12 disruption on glucose uptake (A) Ex vivo
biodistribution of [18F]FDG uptake over 60 minutes on day five post-induction in control 
(CTRL; Cre- lox/lox, Tam) and HSD17B12cKO (KO; Cre+ lox/lox, Tam) mice. Each bar 
represents one mouse. (B) Time-activity curves of various tissues obtained from PET imaging 
on day 5 post induction. Each line represents one mouse. SUV=standardized uptake unit.
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Supplemental Figure S5. Gene expression of key metabolic pathways in the liver on day 
six after Tam induction in control and KO male mice by qPCR. (A) mRNA expression of 
genes related to FA uptake, (B) de novo lipogenesis (C) FA esterification, (D) FA oxidation 
(E) glukoneogenesis and (F) glycolysis. (G) Periodic acid–Schiff staining of male and female 
livers on day six after Tam induction. T test or Mann-Whitney test. Squares represent 
individual values and horizontal lines represent median values. Scale bar 50 μm.
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