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Abstract

White fat stores excess energy, while brown and beige fat dissipate energy as heat'. These
thermogenic adipose tissues markedly improve glucose and lipid homeostasis in mouse
models, though the extent to which brown adipose tissue (BAT) influences metabolic and
cardiovascular disease in humans is unclear’®**. Here, we categorized 139,224 "®F-FDG
PET/CT scans from 53,475 patients by presence or absence of BAT and used propensity score
matching to assemble a study cohort. Individuals with BAT showed lower prevalences of
cardiometabolic diseases. Additionally, BAT independently correlated with lower odds of type Il
diabetes, coronary artery disease and congestive heart failure. These findings were supported
by improved glucose, triglyceride and high-density lipoprotein values. The effects of BAT were
more pronounced in overweight and obesity, indicating that BAT can offset the deleterious
effects of obesity. Strikingly, we also found lower rates of hypertension among patients with
BAT. Studies in a mouse model with genetic ablation of beige fat demonstrated elevated blood
pressure due to increased sensitivity to angiotensin Il in peripheral resistance arteries. In
addition to highlighting a role for BAT in promoting overall cardiometabolic health, this study

reveals a new link between thermogenic adipose tissue and blood pressure regulation.
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Main

As early as 2003, reports described increased uptake of the labeled glucose analogue
®F_fluorodeoxyglucose ('°F-FDG) on positron emission tomography (PET) in areas
corresponding to supraclavicular fat on computed tomography (CT), suggesting the presence of
metabolically-active BAT in adult humans®®. This tissue has received intense interest from the
biomedical community since 2009 when a series of papers confirmed the presence of active
BAT in adults, which correlated with lower body mass index (BMI), decreased age, colder
outdoor temperature, and female sex, as well as an association with decreased fasting glucose
levels”#%19112 " gince then, small prospective studies in healthy humans have demonstrated
that cold-activated BAT is associated with increased whole body energy expenditure and

increased disposal of glucose and free fatty acids''*"®

. Although these properties have
generated great enthusiasm for BAT as a therapeutic target for obesity and its associated
diseases, these studies have been too small to definitively address whether brown fat is a
clinically meaningful modulator of metabolic and cardiovascular disease in humans.

To answer this central question, we reviewed 139,224 '"®F-FDG PET/CT reports
conducted in 53,475 patients between June 2009 and March 2018 at Memorial Sloan Kettering
Cancer Center (MSKCC) (Fig. 1a). "®F-FDG PET/CT was conducted for cancer diagnosis,
staging, monitoring of treatment response, and surveillance, and it is protocol at MSKCC to
report on BAT status in each study. BAT was reported on 7,923 (5.7%) "®F-FDG PET/CT scans
(Fig- 1b, Extended Data Table 1) in 5,070 (9.5%) patients (Fig. 1c, Extended Data Table 2),
consistent with prior studies®®'""®. To assess accuracy of reporting and our search strategy, all
scans conducted in 2016 with reported BAT were manually reviewed. Of the 1,139 scans that
reported brown fat in 2016, 1,132 (99.4%) PET scans showed increased 'F-FDG uptake in
regions identified as fat on CT in typical locations (neck, supraclavicular, axillary, mediastinal,

paraspinal and abdominal) while 4 (0.4%) scans reported a possible signature and 3 (0.3%)

scans were false-positive since they reported resolution of previously reported brown fat. While
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76  the usage of "®F_.FDG PET/CT increased over the years in this study, the prevalence of BAT
77  reporting remained consistent (Extended Data Fig. 1).

78 Patients were categorized by the presence or absence of BAT, and for those with
79  multiple scans an index scan was assigned (Fig. 1a, described in methods). Brown fat was
80 more prevalent among women (13.6 vs. 4.8%, P<0.0001), decreased with age (r=-0.9842,
81  P<0.0001), and was inversely correlated with ambient temperature (r=-0.7093, P<0.0001) and
82  BMI (r=-0.4360, P=0.0007), in accord with prior smaller retrospective studies (Fig. 1d-g and
83  Extended Data Fig. 2a and b)'*"".

84 Propensity score matching (PSM) allows for pairing of subjects with and without brown
85 fat, while accounting for covariates that predict the likelihood of having brown fat. We used PSM
86  to generate a study cohort without brown fat (N = 5,070), matching the individuals with brown fat
87  based on sex, age, BMI and outdoor temperature at the time of the index scan (Fig. 1h). This
88  resulting study cohort was balanced across the aforementioned variables (Tab. 1; Extended
89  Data Fig. 3).

90 Individuals with brown fat showed significantly lower prevalence of type Il diabetes (4.6
91  vs. 9.1%, P<0.0001) and dyslipidemia (18.9 vs. 20.6%, P=0.0318). This protective effect was
92  also seen for cardiovascular disease, including atrial fibrillation/flutter (2.8 vs. 3.7%, P=0.0071),
93  coronary artery disease (3.1 vs. 5.0%, P<0.0001), cerebrovascular disease (2.1 vs. 3.1%,
94  P=0.0011), congestive heart failure (1.0 vs. 2.1%, P<0.0001) and hypertension (26.7 vs. 29.6%,
95  P=0.0003) (Fig. 2a).

96 Cancer-associated characteristics such as cachexia, cancer type and stage have
97  previously been associated with differences in brown fat prevalence on "®F-FDG PET/CT, as
98  has the use of beta-blocker drugs'"'"'®"?. These associations were also observed in our study
99 (Extended Data Table 3 and Table 1). We used logistic regression analysis, adjusted for
100 cancer site, cancer stage, and beta-blocker use, and demographic variables (including race,

101  ethnicity, smoking status) to determine whether brown fat independently correlated with
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102  cardiometabolic disease. Multivariable logistic regression analysis identified brown fat as an
103  independent negative predictor of type Il diabetes (OR=0.46; 95% CI=0.39-0.55; P<0.0001),
104  coronary artery disease (OR=0.63; 95% CI=0.50-0.79; P<0.0001), congestive heart failure
105 (OR=0.56; 95% CI=0.40-0.80; P=0.0012) and hypertension (OR= 0.88; 95% CI=0.79-0.97;
106  P=0.0130) (Fig. 2b and Extended Data Table 4).

107 Next, we stratified these data by BMI to determine whether the association between
108 brown fat and improved cardiometabolic health was retained in overweight and obese
109 individuals. As the prevalence of metabolic and cardiovascular disease increased with higher
110  BMI, this effect was mitigated in individuals with brown fat (Fig. 2¢). The benefit associated with
111 brown fat was most striking for type Il diabetes and coronary artery disease. For example, the
112 prevalence of type Il diabetes in individuals with BMI > 30 kg/m? and brown fat was less than
113 half of the prevalence in obese individuals without brown fat (7.5 vs. 19.1%, P<0.0001).
114  Significantly lower prevalences of hypertension (39.9 vs. 47.0%, P=0.0020) and congestive
115  heart failure (1.1 vs. 2.9%, P=0.0060) were also observed in individuals with obesity and brown
116  fat. Using the multivariable logistic regression model described above, we confirmed that brown
117  fat was independently associated with the observed decrease in cardiometabolic disease
118  prevalence in obese individuals (Fig 2c).

119 Next, we analyzed available laboratory values in temporal vicinity to the index scan to
120  further characterize the metabolic profile of the cohort. We noted distinct improvements in
121 glucose (91.7 vs. 95.1 mg/dl, P<0.0001), triglycerides (122.4 vs. 148.4 mg/dl, P=0.0006), and
122 HDL levels (56.4 vs. 52.2 mg/dl, P=0.0001) in individuals with brown fat, while there were no
123  differences for LDL (112.1 vs. 110.3 mg/dl, P=0.4406) and total cholesterol (192.3 vs. 188.6
124  mg/dl, P=0.1492) (Fig. 2d and Extended Data Table 5). By stratifying laboratory values by
125  BMI, we found that changes in fasting blood glucose and triglycerides associated with elevated
126  BMI were offset in individuals with brown fat, and HDL levels were higher across all BMI

127  categories in individuals with brown fat (Fig. 2d). There were no apparent differences in
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128 laboratory values measuring renal function (creatinine 0.83 vs. 0.84 mg/dl, P=0.4537 and blood
129  urea nitrogen 14.6 vs. 14.8 mg/dl, P=0.1532) and thyroid function (TSH 2.95 vs. 2.49 mIU/L,
130  P=0.1764) (Extended Data Table 5). However, both leukocyte (6.2 vs. 6.8 10° cells/L,
131  P<0.0001) and platelet counts (250 vs. 260 10° cells/L, P=0.0007) were significantly decreased
132 in subjects with brown fat, suggesting potential roles for brown adipose beyond direct regulation
133 of lipid and glucose metabolism (Extended Data Table 5). In summary, our data support an
134  important role for brown fat in mitigating metabolic disease and its cardiovascular sequelae,
135  particularly in obese individuals.

136 Thermogenic fat promotes energy expenditure, and there is increasing evidence that this
137  tissue plays roles in metabolism beyond thermogenesis itself?>?"?2, While thermogenesis clearly
138  modulates glucose and lipid metabolism, an association between thermogenic fat and blood
139  pressure has not been described until now. Furthermore, transcriptomic profiling indicates that
140  murine beige fat, as opposed to developmentally pre-formed brown fat, closely approximates
141  the inducible brown fat detected by PET/CT in adult humans®. We therefore used adipocyte-
142  specific PRDM16 knockout (Adipo-PRDM16 KO) mice (Extended Data Fig. 4a, b, and c) with
143  an ablation of beige fat function to investigate the potential link between thermogenic fat and
144  blood pressure control®*. Interestingly, a previous genome-wide association study demonstrated
145  an association between a coding SNP in exon 9 of PRDM16 (leading to the missense mutation
146  Pro633Leu) and hypertension in humans®.

147 Adipo-PRDM16 KO animals were implanted with radiotelemetric devices to monitor
148  blood pressure over a three-week period (Fig. 3a). Our studies were conducted in 11 to 14-
149  week-old mice on a standard chow diet, and body weight was equivalent between genotypes
150 throughout the study (Extended Data Fig. 4d). Significant increases in systolic (difference
151  between means 3.6 mmHg; 95% CI 0.9-6.4, P=0.0102), diastolic (difference between means
152 4.2 mmHg; 95% CI 1.2-7.2, P=0.0071), mean arterial blood pressure (difference between

153  means 4.0 mmHg; 95% CI 1.8-6.3, P=0.0007) and heart rate (difference between means 18
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154  bpm, 95% CI 3-33, P=0.0202) were apparent in KO animals versus controls (Fig. 3a and
155 Extended Data Table 6). After adjustment for heart rate, genotype remained independently
156  associated with increased systolic (difference between means 2.8 mmHg; 95% CI 0.2-5.5,
157  P=0.0378), diastolic (difference between means 3.3 mmHg; 95% CIl 0.4-6.2, P=0.0281) and
158 mean arterial blood pressure (difference between means 3.3 mmHg; 95% Cl 1.0-5.6,
159  P=0.0052) (Extended Data Table. 7).

160  There were no significant differences in heart weight, wall thickness, cardiac function or cardiac
161 tissue histology, indicating that neither cardiac morphology nor function were responsible for the
162  observed differences in systemic blood pressure (Fig. 3b and Extended Data Fig. 5a). We thus
163  explored resistance vasculature morphology and function. By using the pressure myograph
164  system, second order mesenteric arteries isolated from Adipo-PRDM16 KO mice (after
165  dissecting off all perivascular fat) demonstrated an increased contractile response specifically to
166  angiotensin II, with no significant differences in response to acetylcholine or phenylephrine (Fig.
167  3c¢). Additionally, vasodilation in response to a stepwise increase in flow was significantly
168  decreased in Adipo-PRDM16 KO mice while myogenic tone induced by a stepwise increase in
169  pressure did not show a difference between the genotypes (Extended Data Fig. 5b).
170  Histological analysis evidenced no apparent structural differences (Fig. 3d). There were no
171  significant differences in plasma levels of angiotensinogen (Fig. 3e) or expression of
172  angiotensin receptors in the mesenteric arteries (Fig. 3f). In summary, ablation of beige fat
173  function in mice leads to an increased sensitivity of resistance arteries to angiotensin II,

174  contributing to elevated systemic blood pressure.
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175 Obesity is a major contributor to metabolic and cardiovascular disease, and 48.9% of
176  American adults are predicted to be obese by 2030%. With limited effective therapies available,
177  thermogenic fat has been implicated as a potential therapeutic target for obesity and metabolic
178  disease?. In healthy adults, cold stimulation of brown fat increases energy expenditure and
179  improves systemic glucose utilization, fatty acid oxidation, and insulin sensitivity?>?*3%3!, This
180  observation is consistent with animal models, where transplantation of thermogenic adipose
181 tissue mass improved glucose and triglyceride metabolism, while genetic ablation of
182  thermogenic fat had the opposite effect>*?%. The effects of thermogenic adipose tissue on
183  cardiometabolic health and obesity-associated diseases in humans, however, have been largely
184  unexplored until now.

185 Our study illustrates that individuals with thermogenic fat on '®F-FDG PET/CT have
186  significantly improved metabolic profiles. This effect is not only limited to diabetes, but extends
187  to coronary artery disease, congestive heart failure and hypertension. Furthermore, the effects
188  of brown fat on metabolic and cardiovascular disease are most pronounced among individuals
189  with elevated BMI. While obesity is generally associated with decreased brown fat function®,
190 those obese individuals who retain brown fat activity appear to be protected against conditions
191 linked to excess weight. This notion further supports the potential of brown fat as a therapeutic
192  target beyond weight loss itself, but as a means to uncouple obesity from disease.

193 The reduction in the prevalence of hypertension associated with thermogenic fat was of
194  particular interest to us, because this cannot be directly explained by improvements in glucose
195 and lipid metabolism. Our studies in a mouse model lacking beige fat identified changes in
196  sensitivity to angiotensin Il in the peripheral resistance vasculature as a potential underlying
197  physiological mechanism. Thermogenic fat secretes a number of endocrine factors that can
198  affect a wide variety of tissues, and ongoing research is focused on elucidating the downstream

199  effectors of these signals. Our work points towards a novel molecular signal linking adipose
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200 tissue phenotype to blood pressure control, and may be the first step in elucidating a
201  mechanistic link between brown fat and hypertension.

202 Our study raises a number of questions regarding brown fat development and function in
203  humans. Variability in brown fat prevalence and activity suggests a possible genetic determinant
204  of its biology. Consistent with this, our understanding of genetics as a contributor to type Il
205 diabetes development has evolved significantly®®. It is likely then that genetic factors
206  contributing to brown fat development and activity may affect the pathogenesis of type Il
207  diabetes and metabolic syndrome. In our study, brown fat was associated with improved health
208  across several organ systems. As an example, individuals without brown fat exhibited higher
209 leukocyte counts, and elevated white blood cell counts are an established risk factor for
210  coronary artery disease®®**"*®, Decreased leukocyte counts in individuals with brown fat could, in
211  part, explain the lower prevalence of coronary artery disease among these subjects. Our work
212 highlights the need to determine the extent of brown fat’s effects on other organs and roles in
213  systemic metabolism.

214 The major strength of our study is the size of the dataset, the largest we are aware of,
215 and the linkage to electronic health records. This allowed us to comprehensively examine
216  associations between brown fat and a wide variety of data. There are, however, a number of
217  limitations that need to be acknowledged, mainly pertaining to the retrospective design and
218  analysis of data from a cancer population. First, identification of brown fat relies on "®F-FDG
219  PET/CT and consistent reporting. Our manual review of brown fat reporting over an entire year,
220 as well as a consistent brown fat prevalence over the study period, support the reliability of
221  reporting in this study. Furthermore, "*F-FDG PET/CT without prior cold stimulation tends to
222 underestimate brown fat prevalence, which may have impacted our classification. In the
223  absence of broadly applicable screening methods or biomarkers for brown fat, the application of
224  "F-FDG PET/CT to screen for brown fat is however still considered the gold standard. Although

225 a number of studies have indicated associations between cancer characteristics and brown fat

10
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prevalence as measured by "*F-FDG PET/CT, the effect of cancer is still poorly understood. We
have thus adjusted our analysis to accommodate the potential influence of cancer type and
stage.

In our study, we investigated and confirmed new clinical findings linking thermogenic
adipose tissue and improvements in metabolic health using an established mouse model. These
findings will have the potential to enable translation of animal findings into viable human
therapies. Our study highlights the therapeutic potential of modulating brown fat in humans to

combat the escalating obesity crisis.

11
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235  Online Methods

236  Study Design and Participants

237  This retrospective case-control study followed institutional guidelines and was approved by the
238 Institutional Review Boards of The Rockefeller University and Memorial Sloan Kettering Cancer
239  Center (MSKCC). Due to the retrospective nature of this study, the requirement for informed
240  consent was waived. Results from this study are reported in accordance with the Strengthening
241  the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for case-control
242 studies®.

243 We identified all patients age 18 and above who underwent '®F-FDG PET/CT at MSKCC from
244 June 2009 through March 2018. This resulted in 139,224 "®F-FDG PET/CT scans conducted in
245 53,475 patients. Brown adipose is identified by increased '®F-FDG uptake on PET, measured in
246  regions corresponding to adipose tissue on CT, and it is standard practice at MSKCC to
247  document these signatures in all reports. We searched all '"®F_.FDG PETI/CT reports for the
248 terms “brown fat’ or “brown adipose”. Patients were then categorized by the presence or
249  absence of brown fat reporting. For each subject in both groups, an index scan was designated
250 as follows: in patients with brown adipose tissue reported on at least one '*F-FDG PET/CT
251  scan, the first scan that reported brown fat was defined as the index scan. In patients without
252 brown fat on any scan, the first "®F-FDG PET/CT scan served as the index scan (Fig. 1).

253

254  Data collection

255  We obtained average outdoor temperatures in New York City, measured in Central Park, for the
256 months of scans from the U.S. National Weather Service. All patient data including
257  demographics and self-reported race and ethnicity were collected from institutional electronic
258  health records (EHR). Diagnoses listed up to one year after the time (month and year) of the
259 index scan were identified using diagnostic codes from the International Classification of

260 Diseases, 9th and 10th Revisions (ICD-9 and ICD-10) (Supplementary Data Table 1).

12
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261  Laboratory values were recorded from the EHR if these values were first measured within three
262  months (complete blood counts) or one year (lipid levels) of the index scan date. In case of
263  multiple data points available, the one closest to the index scan was used for analysis. Blood
264  glucose was routinely measured on the day of scanning. Complete blood counts from patients
265  with hematological malignancies were excluded from analysis. With the exception of fasting
266  blood glucose, measurement of blood values was not coupled to '®F-FDG PET/CT scans. Data
267 completeness was assessed for all blood values, and available data was analyzed using
268  complete case analysis (Extended Data Table 5). Data completeness ranged from 11.7% (low-
269  density lipoproteins) to 98.1% (glucose).

270

271  Propensity Score Matching and Identification of Study Cohort

272  To identify the study cohort, patients with reported brown fat were matched to patients without
273 reported brown fat using propensity score matching. Propensity scores were estimated using a
274  non-parsimonious multivariable logistic-regression model with brown adipose tissue status
275  (presence or absence) as the dependent variable and age, sex, BMI, and temperature at time of
276  scan as covariates. Matching was performed using a 1:1 protocol without replacement (greedy-
277  matching algorithm), a caliper width of 0.2 and the variable sex was set to be exactly matched.
278 We used standardized difference means to assess balance before and after matching
279  (Extended Data Fig. 3). Matching was conducted in SAS version 9.4 (SAS Institute, Cary, NC)
280  using the psmatch function.

281

282  Outcomes

283  ICD-9/10 diagnoses extracted from EHRs were used to examine associations between brown
284  fat and cardiometabolic health defined as the prevalence of type Il diabetes, dyslipidemia,
285  hypertension, coronary artery disease, congestive heart failure and cerebrovascular disease. All

286  ICD-9/10 codes used to assign disease categories are listed in Supplementary Data Table 1.
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287
288  Data Analysis

289  We first assessed the correlation between brown fat and age, outdoor temperature in the month
290  of the ®F-FDG PET/CT index scan and BMI. For age and BMI, a one-phase exponential decay
291 curve was modeled and the correlation was assessed by calculating Spearman’s rank
292  correlation coefficient. For temperature, a linear regression line was calculated and the
293  correlation was assessed by calculating Spearman’s rank correlation coefficient. Prevalence of
294  brown fat in men and women was compared using chi-squared test. Brown adipose status
295  (either present or absent) and prevalence of cardiometabolic diseases were compared using
296  chi-squared tests.

297  Next, we assessed whether brown fat status was an independent predictor of cardiovascular
298 disease by using multivariable logistic regression analysis. The dependent variable in this
299 analysis was the respective cardiometabolic disease and brown fat status (presence or
300 absence) was the independent variable. To adjust for potential confounders that were selected
301 based on previous publications, we controlled for the following variables: age, sex, BMI, outdoor
302 temperature in Central Park in the month of the index scan, smoking status, race, ethnicity,
303 family history of cardiovascular disease, beta blocker use, cancer site, and cancer stage.

304 Smoking was coded as a categorical variable with 4 levels (current smoker, previous smoker,
305 never smoker, unknown smoking status). Race was a categorical variable with 4 levels:
306 Caucasian, African-American, Asian and other (e.g. Pacific-Islanders, unknown). Ethnicity was a
307  categorical variable with three levels: Hispanic, Non-Hispanic and Unknown. Cancer stage was
308 a 6 level categorical variable consisting of Stages I-IV, not applicable (e.g. hematologic
309  malignancies, benign tumors), and unknown cancer stage. Cancer site was recorded according

310 to ICD 0 Site Codes and included 14 categories: C00-C14, C15-C26, C30-C39, C40-C41, C42,
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311 C43-C44, C45-C49, C50-C58, C60-C63, C64-C68, C69-C72, C73-C75, C76-C80 and
312  other/unknown. Results were reported as odds ratio and 95% confidence interval.

313  Cardiometabolic diseases that were independently associated with brown fat status were further
314  stratified by BMI categories (normal weight, defined as BMI <25km/m? overweight, defined as
315 BMI 25.0 — 30.0 kg/m? obese, defined as BMI >30.0 kg/m?). Comparison between individuals
316  with and without brown fat in the respective category were performed using the multivariable
317 logistic expression model outlined above to assess whether observed differences were
318  statistically significant. For the comparison of laboratory values, a Student’s t-test was
319 performed. To compare associations between brown fat status, BMI and available lab values, a
320 least squares linear regression line was constructed, stratified by brown status. All p-values are

321 two-tailed, and values less than 0.05 were considered statistically significant.

322

323  Animal Experiments

324  Animal care and experimentation were performed according to procedures approved by the
325 Institutional Animal Care and Use Committee at the Rockefeller University. The Adipo-PRDM16
326 KO mice were generated by breeding Prdm16lox/lox mice with Adiponectin-cre mice (provided
327 by Dr. Evan Rosen, backcrossed to a C57BL/6J background)?*. Mice were maintained in 12 hr
328 light:dark cycles at 23C and fed a standard irradiated rodent chow diet.

329

330 RNA Preparation and Quantitative PCR

331 Total RNA was extracted from adipose tissue using TRIzol (Cat # 15596018, Thermo Fisher
332  Scientific, Waltham, MA, USA) along with RNeasy mini kits (Cat # 74104, QIAGEN, Venlo,
333 Netherlands). For gqPCR analysis, RNA was reverse transcribed using the ABI high capacity
334  cDNA synthesis kit (Cat # 4368813, Thermo Fisher Scientific, Waltham, MA, USA). cDNA was
335 used in gPCR reactions containing SYBR-green fluorescent dye (Cat # 4309155, Thermo Fisher

336  Scientific, Waltham, MA, USA). Relative mRNA expression was determined by normalization
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337  with Eukaryotic 18S ribosomal RNA levels using the DDCt method. Primer sequences are listed

338 in Supplementary Data Table 2.

339

340 Implantation of Radiotelemetry Devices and Blood Pressure Measurement

341 Blood pressure was measured by implantable radio transmitters as previously described.
342 Briefly, male mice at age 11-14 weeks were housed in pairs. Prior to implantation, the animals
343  received buprenorphine (0.8 mg/Kg, s.c.) and a transmitter was implanted (model HD-X11, Data
344  Sciences International, St. Paul, MN, USA), while mice were under isoflurane anaesthesia. The
345  catheter tip was positioned in the thoracic aorta via the left common carotid artery and the body
346  of the probe was inserted subcutaneously in the dorsal right flank. Animals were allowed to
347  recover for 5-7 days. Heart rate (HR), systolic blood pressure (SBP), diastolic blood pressure
348 (DBP), and mean arterial pressure (MAP) were collected weekly over a 24h period in freely
349  moving conscious mice in their cages. Pressure traces were checked and animals with damping
350 of the haemodynamic profile were excluded from the analysis

351

352  Analysis of Blood Pressure Readings

353  For each mouse, systolic, diastolic and mean arterial blood pressure as well as heart rate was
354 recorded. The mean for each parameter was calculated over a 24h period. Data from 4
355  experiments were pooled and used for the final analysis. A linear mixed model for repeated
356 measures over time (SAS Proc Mixed) was used to analyze the radiotelemetry data with fixed
357 effects of genotype (KO vs. WT), week treated as a categorical factor, and the interaction
358 between genotype and week. This method prevented list-wise deletion due to missing data.
359  Unstructured covariance structure was chosen with the lowest corrected Akaike’s
360 information criteria and Bayesian information criteria. Heart rate was included as a covariate for
361 the blood pressure models and the adjusted mean difference between KO and WT mice with 95

362 % confidence intervals were reported.
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363

364 Mass Spectrometry

365 12 pyl of serum sample were incubated with 12 pL of 20mM dithiothreitol (DTT) and 16 M urea
366  (final 8M urea, 10 mM DTT, 50mM ammonium bicarbonate (ABC)) for 1h at room temperature
367 (RT). Another 6 pyL of 50mM DTT were added to the samples (in 50 mM ABC, no urea) to
368 ensure complete reduction. The samples were then alkylated by addition of 20 pyL of 75mM
369 iodoacetamide (IAA; 30mM final in ABC) in the dark at RT for 1.5h. 6 pug of LysC was added to
370 each of the sample. The samples were then allowed to digest at 28° C overnight with shaking.
371  The following day, the samples were further diluted with 60 yL of 50mM ABC. 10 pg of trypsin
372  was added to each of the samples and samples were digested with trypsin for 6 hours at 28° C
373  at 1400 rpm. The samples were then quenched with 10 pL of 10% TFA (pH approximately 1). 5
374  uL of sample was loaded onto 4 C18 empore discs. The cleaned up samples were speed
375 vacuumed and re-dissolved in 20 pyL of 0.1% LC-grade formic acid. 1 uL was loaded onto a
376  reverse-phase nano-LC-MS/MS (EasyLC 1200, Fusion Lumos, Thermo Fisher Scientific) for
377  analysis. Peptides were separated with a gradient in which the proportion of buffer B (H20 with
378  0.1% formic acid) in buffer A (acetonitrile with 0.1% formic acid) increased from 2% to 90% over
379 79 minutes (300 nl/min flow rate). MS and MS/MS data were recorded at resolutions of 60.000
380 and 30.000 with AGC’s of 1,000,000 and 50,000 respectively. Parallel reaction monitoring
381 (PRM) was used to target peptides unique to AGT
382 (AIQGLLVTQGGSSSQTPLLQSIVVGLFTAPGFR and LPTLLGAEANLNNIGDTNPR). PRM
383  experiment data were analyzed with SkyLine v.4.2. Samples were analyzed in the following
384  order: KO, WT and values were normalized to WT to derive fold-change between the two
385 genotypes.

386

387

388
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389  Tissue Staining

390 Mesenteric arteries and hearts were collected from 18-week-old male mice. Briefly, mice were
391 euthanized by isoflurane overdose and the mesenteric artery was isolated and perfused with 50
392 mmol/L PBS (pH 7.4) followed by 4% PFA. After fixation overnight, tissues were washed 3x with
393 PBS and stored in ethanol 70%. Further tissue processing was performed at the Memorial
394  Sloan Kettering Cancer Center (MSKCC) Laboratory of Comparative Pathology. Briefly, the
395 tissues were embedded in paraffin and the dewaxed slides were first immersed in Weigert's
396 hematoxylin (Sigma, St. Louis, MO, U.S.A.), followed by serial staining with acid fuschin,
397  phosphomolybdic acid and methyl blue. The tissues were then fixed in 1% acetic acid. After
398 dehydration with increasing concentrations of alcohol, the slides were fixed in toluene, mounted
399 in Permount and air-dried overnight before acquiring photographs.

400

401 Echocardiography

402  Mice were anaesthetized with isoflurane under continuous monitoring and placed on a heating
403  pad of a recording stage connected to a Vevo 2100 ultrasound machine. The anterior chest wall
404 was shaved, ultrasound gel was applied and electrodes were connected to each limb to
405  simultaneously record an electrocardiogram. Two-dimensional (short axis-guided) M-mode and
406 B-mode measurements (at the level of the papillary muscles) were taken using an 18-32 MHz
407  MS400. For analysis, at least three measurements were averaged; measurements within the
408 same HR interval (450 £ 50 bpm) were used for analysis.

409

410  Pressure myography

411 Mesenteric arteries were collected from 18-week-old male mice, as described above. Second
412  order mesenteric arteries (MA) were cleaned of surrounding fat and vascular reactivity
413  experiments were performed as described previously *'. Briefly, MA were mounted on glass

414  cannulas in a pressure myograph chamber (Danish MyoTechnology, Aarhus, Denmark) The
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415  vessel orientation in relation to the flow in vivo was maintained. Vessel viability was maintained
416  using Krebs solution solution (in mM: NaCl 118, KCI 4.7, MgCl, 1.2, KH,PO,4 1.2, CaCl, 2.5,
417 NaHCOj; 25 and glucose 10.1), at 37 °C and oxygenated (95% O, and 5% CO,). A pressure
418 interface controlled intraluminal pressure and flow in MA. The vessel diameter was monitored in
419 real time using a microscope connected to a digital video camera (IC Capture) and computer
420  software VediView 1.2 (Danish MyoTechnology, Aarhus, Denmark) with edge detection
421  capability. MA were equilibrated for 15 min at 80 mm Hg, pre-constricted with PE (1 uM) and a
422  cumulative concentration-response curve of Ach (0.1 nM — 30 uM) was performed to evaluate
423  the integrity and the function of the endothelium. MA with less than 80% vasodilatory response
424  to Ach were discarded. Vascular smooth muscle functions were evaluated by performing
425  cumulative concentration-response curves of PE (1 nM — 30 pM), Angll (0.1 nM — 1 yM) and
426  myogenic tone. Flow mediated vasodilation was also evaluated as previously described *'.

427

428  Statistical Analysis

429 Unless otherwise stated, data are presented as meants.e.m. and are derived from multiple
430 experiments. Normality was assessed using the Shapiro-Wilk-test. No statistical method was
431 used to calculate sample size, but sample size was determined based on preliminary
432  experiments and previous publications. Analysis was carried out using unpaired Student’s t-test,
433 Mann-Whitney U test or two-way ANOVA based on data distribution and as indicated. All p-
434  values are two-tailed, and values less than 0.05 were considered statistically significant.

435  GraphPad Prism 8 was used for statistical analysis.
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564

565 Fig. 1: a, '°F-FDG PET/CT reports were reviewed for reporting of brown adipose tissue
566  between June 2009 and March 2018 and individuals were stratified by presence or absence of
567  brown fat. An index scan was assigned and diagnosis codes and available laboratory values in
568 temporal vicinity were collected. b, Brown fat was reported in 5.7% of all "*F-FDG PET/CT
569  scans (n=139,224). ¢, Brown fat was reported in 9.5% of all patients (n=53,475). d, Prevalence
570  of brown fat was higher in females compared with males. Groups were compared by chi-square
571 test, P-value is two-tailed. e, Brown fat prevalence was inversely correlated with age and
572  followed a one-phase decay. Spearman’s rank correlation coefficient was calculated to assess
573  the correlation between brown fat prevalence and age, P-value is two-tailed. f, Brown fat
574 prevalence, based on '®F-FDG PET/CT scans was inversely correlated with outdoor
575  temperature in the month of the scan between June 2009 and March 2018. Bars depict means,
576  error bars are s.e.m., dots are mean temperature for each year between 2009 and 2018. g,
577  Brown fat prevalence was inversely correlated with body mass index. h, Propensity score
578 matching was used to identify a matched cohort based on age, sex, body mass index and

579  outdoor temperature in the month of the index scan.
580

581 Fig. 2: a, Comparison of cardiometabolic disease prevalence between individuals with and
582  without brown adipose tissue (BAT). Groups were compared by chi-square test, all P-values are
583 two-sided. b, Forrest plots illustrate the association between brown fat status and
584  cardiometabolic disease in the propensity score matched cohort. Circles and bars represent
585  odds ratios (ORs) and 95% confidence intervals (Cls), respectively, and were calculated using
586  multivariable logistic regression analysis with adjustment for age, sex, body mass index, outdoor
587 temperature in the month of the index scan, ethnicity, race, smoking status, family history of

588 cardiovascular disease, beta blocker use, cancer site and cancer stage. All P-values are two
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589  sided. Black circles and CI bars represent non-significant associations, red circles and Cl bars
590 represent statistically significant associations at P<0.05. ¢, Prevalence of cardiometabolic
591  disease stratified by brown status and body mass index using the WHO categories for normal
592  and underweight (body mass index (BMI) < 25.0 kg/m?), overweight (BMI between 25.0 and
593  30.0 kg/m?) and obesity (BMI > 30.0 kg/m?). Patients per category: BMI < 25.0 kg/m?, with
594  brown fat n = 2,564, without brown fat n = 2,639; BMI between 25.0 and 30.0 kg/m?, with brown
595 fat n = 1,589, without brown fat n = 1,491; BMI > 30.0 kg/mz, with brown fat n = 917, without
596  brown fat n = 940. Significance was assessed using multivariable logistic regression adjusted
597  for age, sex, body mass index, outdoor temperature in the month of the index scan, ethnicity,
598 race, smoking status, family history of cardiovascular disease, beta blocker use, cancer site and
599 cancer stage. P values are depicted for values <0.1. All Pvalues are two sided. d, Comparison
600 of available laboratory values between matched individuals with and brown fat (glucose; with
601  brown fat n = 5,033 (99.3%), without brown fat n = 4,963 (97.9%); triglycerides; with brown fat n
602 =732 (14.4%), without brown fat n = 734 (14.5%); high-density lipoprotein; with brown fat n =
603 596 (11.8%), without brown fat n= 578 (11.4%); low density lipoprotein; with brown fat n = 543
604  (10.7%), without brown fat n = 527 (10.4%); total cholesterol; with brown fat n = 637 (12.6%),
605  without brown fat n = 630 (12.4%). Groups were compared with Student’s t-test, dots represent
606 means, error bars 95% confidence intervals, all P-values are two-sided. Values with statistically
607  significant differences were stratified by body mass index and a linear regression line for body
608 mass index values between 18.5 and 40.0 kg/m? was calculated. Shaded areas depict 95%

609 confidence intervals.
610

611  Fig. 3: a, Implanted radiotelemetery devices were used to measure systolic, diastolic and mean
612  arterial blood pressure and heart rate in freely moving mice with an adipocyte-specific knockout

613  (KO) of Prdm16 or wildtype (WT) controls (n=35 per group from a total of 4 independent
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614  experiments). Dots depict mean, error bars are s.e.m. A linear mixed model for repeated
615 measures over time was used to analyze the radiotelemetry data with fixed effects of genotype
616 (KO vs. WT), week treated as a categorical factor, and the interaction between genotype and
617  week. ?denotes P-values that were calculated by adjusting the above mentioned linear mixed
618  model by heart rate to account for the observed differences in heart rate. All P-values are two-
619 sided. b, Heart weight at necropsy normalized to body weight, ejection fraction and fractional
620  shortening (both assessed by echocardiography) were measured in KO (n=12) and WT (n=8)
621 animals. Bars represent means, error bars are s.d. Groups were compared by Student’s t-test.
622  All P-values are two-sided. ¢ Pressure myography after removal of perivascular fat was
623  conducted in KO and WT animals (n=3 per group; 2 mesenteric arteries per mouse) to assess
624 response to acetylcholine (endothelium-dependent vasorelaxation), phenylephrine and
625 angiotensin Il (both vasoconstrictions). Dots represent means, error bars are s.e.m. Groups
626  were compared by two-way analysis of variance (ANOVA). All P-values are two-sided. d,
627  Mesenteric arteries were stained with Masson’s trichrome stain to compare WT and KO
628 animals. Representative image, n=5 per group. Scale bar is 50 ym. e, Angiotensinogen levels
629  were measured in KO and WT animals using mass spectrometry (n = 8 per group). Groups
630  were compared using Student’s t-test. All P-values are two-sided. f, Expression of angiotensin
631 receptors on mesenteric arteries was assessed using quantitative PCR (qPCR); n=5 per group.

632  Groups were compared using Student’s t-test. All P-values are two-sided.
633

634 Extended Data Fig. 1: a, The total number of "®F-FDG PET/CT scans performed at MSKCC
635 increased from 2009 to 2018 while the prevalence of reported brown fat remained stable. Dots
636  depict total number of '®F-FDG PET/CT scan in each year, half filled dots illustrate years with
637  incomplete reporting. Bars represent prevalence of '"®F_.FDG PET/CT scans with reported brown

638 fat.
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639

640 Extended Data Fig. 2. a, Correlation between body mass index and prevalence of brown fat
641 reported on '®F-FDG PET/CT. The dotted line depicts a one-phase decay curve, P-value was
642  calculated for the correlation between both variables using Spearman’s r. b, Correlation
643 between outside temperature in the month of the scan and prevalence of brown fat reported on
644 '"®F-FDG PET/CT. The dotted line depicts a linear regression line, P-value was calculated for the

645  correlation between both variables using Spearman’s r. All P-values are two-sided.
646

647 Extended Data Fig. 3. Propensity score matching was assessed by comparing standardized
648 mean differences before and after the matching process. The blue shaded area indicates the

649  chosen caliper width.
650

651 Extended Data Fig. 4. a, The loxP sites flanking exon 9 and the adiponectin driven Cre-
652  recombinase that were used to create the Prdm16 knockout (KO) mouse model are shown.
653  Radio telemetry devices to measure blood pressure were implanted in mice between the age of
654 11 and 14 weeks and measurements were started 1 week after implantation for 3 weeks.
655  Pressure myography and echocardiography were performed at the end of the study. b,
656  Expression of Prdm16 in brown adipose tissue (BAT), subcutaneous adipose tissue (SQ) and
657  visceral adipose tissue (Visc) was measured by quantitative PCR (qPCR) and compared
658 between KO (n=8) and littermate control wildtype animals (WT; n=8). Groups were compared
659  using Mann-Whitney U test for non-normally distributed variables (BAT) and Student’s t-test for
660 normally distributed variables (SQ and Visc). Bar depict means, error bars are s.e.m. All P-
661  values are two-sided. ¢, Expression of Prdm16 in mesenteric arteries and adjacent mesenteric

662  adipose tissue was measured by quantitative PCR (QPCR) and compared between KO (n=4 for
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mesenteric arteries’ n=5 for mesenteric fat) and littermate control wildtype animals (WT; n=4 for
mesenteric arteries’ n=5 for mesenteric fat). Groups were compared using Student’s t-test. Bar
depict means, error bars are s.e.m. All P-values are two-sided. d, Comparison of body weights

between WT and KO animals (both n=35 at the beginning of the study). Groups were compared

using a mixed effects model with post-hoc analysis for individual time points.

Extended Data Fig. 5. a, Sections of the left ventricle were stained with Masson’s trichrome
stain to compare fat specific Prdm16 knockout (KO) and littermate control (wildtype; WT)
animals. Representative image, n=5 per group. Scale bar is 50 um. b, Mesenteric arteries from
KO and WT were harvested, cleaned of perivascular fat and used for pressure myography (n=3
per group). Groups were compared using two-way analysis of variance (ANOVA). Dots

represent means, error bars s.e.m. All P-values are two-sided.
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Table 1. Characteristics of Patients with and without Brown Fat Before and After Propensity Score Matching

Before Propensity Score Matching

After Propensity Score Matching

Baseline Variable Brown Adipose Brown Adipose Brown Adipose Brown Adipose  P-Value’
Present (BAT+) Absent (BAT-) Present (BAT+) Absent (BAT-)
(N=5 070) (N=48 405) After Matching After Matching
(N=5 070) (N=5 070)
Age, mean (SD) 49.0 (16.3) 61.7 (14.0) 49.0 (16.3) 49.2 (15.8) 0.5863
Sex, No. (%)
Women 3879 (76.5) 24711 (51.1) 3879 (76.5) 3879 (76.5) 1.0000
Men 1191 (23.5) 23 694 (49.0) 1191 (23.5) 1191 (23.5)
BMI, mean (SD) 25.8 (5.3) 27.8 (5.9) 25.8 (5.3) 25.6 (5.5) 0.0830
BMI category, No. (%)
<250 2,564 (50.6) 16,578 (34.3) 2,564 (50.6) 2,639 (52.1)
25.0-29.9 1,589 (31.3) 17,436 (36.0) 1,589 (31.3) 1,491 (29.4) <0.0001
>30.0 917 (18.1) 14,391 (29.7) 917 (18.1) 940 (18.5)
Race, No. (%)
Asian 402 (7.9) 2851 (5.9) 402 (7.9) 414 (8.2)
African American 561 (11.1) 3396 (7.0) 561 (11.1) 434 (8.6) <0.0001
Caucasian 3694 (72.9) 39225 (81.0) 3694 (72.9) 3862 (76.2)
Other or Unknown 413 (8.2) 2933 (6.1) 413 (8.2) 360 (7.1)
Ethnicity, No. (%)
Hispanic 398 (7.9) 2803 (5.8) 398 (7.9) 330 (6.5)
Non-Hispanic 4 458 (87.9) 43 059 (89.0) 4 458 (87.9) 4534 (89.4) 00281
Unknown 214 (4.2) 2543 (5.3) 214 (4.2) 206 (4.1)
Cardiovascular Risk Factors, No. (%)
Family History of
Cardiovascular Disease 1029 (20.3) 11714 (24.2) 1029 (20.3) 1086 (21.4) 0.1636
Smoking Status
Current Smoker 513 (10.1) 5390 (11.1) 513 (10.1) 588 (11.6)
Previous Smoker 1169 (23.1) 17 755 (36.7) 1169 (23.1) 1261 (24.9) <0.0001
Never Smoker 2999 (59.2) 19 923 (41.2) 2999 (59.2) 2654 (52.4)
Unknown 389 (7.7) 5337 (11.0) 389 (7.7) 567 (11.2)
"F-FDG PET/CT Characteristics
Total Number of Scans per
Patient, n (%) 4.1 (4.0) 2.5(2.6) 4.1 (4.0) 2.5(3.8) <0.0001
Temperature (°C Month of
Reference Scan), mean (SD) 11.9 (8.6) 13.6 (8.8) 11.9 (8.6) 12.0 (8.8) 0.7242
Beta blocker, n (%) 656 (12.9) 12 569 (26.0) 656 (12.9) 899 (17.7) <0.0001

*P-value for the comparison of BAT+ and BAT- individuals in the propensity score matched group.

BAT, brown adipose tissue. SD, standard deviation. BMI, body mass index.

31



https://doi.org/10.1101/2020.02.08.933754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.08.933754; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

676

32


https://doi.org/10.1101/2020.02.08.933754
http://creativecommons.org/licenses/by-nc-nd/4.0/

g, o ) A A A K heniey

No Brown Fat on
any

"®F-FDG PET/CT Scan
Brown Fat on

at least 1

‘ "®F-FDG PET/CT Scan

. Circle Size lllustrates

Differences in
Propensity Score

score matched cohort was constructed tovai erencesdin. thesesindivi
a [ ) [ )
o o — Tk OO O
BAT+ Ly | | | | | | |
) H T T T T T T T 1
2011 2012 2013 2014 2015 2016 2017 2018
o @ O O O
w
Retrospective Review Determination of Brown Fat Status
All "8F-FDG-PET/CT Scans Brown Fat Reported on at least 1 BAT- . .
at MSKCC 18F_FDG-PET/CT Scan (BAT+) Collection of Data Linked to Index Scan
(06/2009 - 03/2018) - Available Laboratory Values
No Brown Fat Detected on - Prevalence of Cardiometabolic Disease
8F-FDG-PET/CT (BAT-)
Stratification into Brown Fat Positive and Negative Groups
Designation of Index Scan
b c d
139,224
53,475 Patients
"*F-FDG-PET/CT Scans ’ 15- p<0.0001
5.7% 9.5% &
4 mm BAT+ B BAT+ z
) (S Il BAT- B BAT- @ 10
o
\ L ®
@
S 54
o
o
0- :
Women Men
e f g
>
60 - e 15 H
S ? Spearman’s r = -0.9842 — * Temperature 4 l L 25 & X
= o P-value <0.0001 & |== Prevalence o 2 &
& b S e ‘ g @
D 404 < 10+ (' . 3 6
S 2 . 15 5 @
3 k] 4 f, r-< o
S 3 ° h o &
S °
T 5 S 5 3 [
% 204 s 2 L5 B 8
& 8 b} a
o, o %
0 : : i T, 04 L5 3
20 40 60 80 100 S S EL B e D & FF & & e
F IR EE VL FLL
Age (years) Bzé‘((éo‘ W N 6@6\0& AQ,@QIQQ,@
%Q) eo Q

Entire Study Cohort

Stratification by

Assembly of a Propensity Score
Brown Fat Status

Matched Cohort


https://doi.org/10.1101/2020.02.08.933754
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 2: Bro R R S At A AR A AR oRocn 2 ticomse o cisplay the preprntin perpetury. It s age

a

BMI (kg/m?2)

available under aCC-BY-NC-ND 4.0 Internati%\al license.

P =0.0588

BAT pos. BAT neg. P val
o (n=5070) | (n=5070) & '2U¢
Diagnosis
n (%) n (%)
Type Il diabetes 233 (4.6) | 460 (9.1) <0.0001
Dyslipidemia 956 (18.9) |1,042 (20.6)| 0.0318
Atrial fibrillation/
Atrial flutter 140 (2.8) 188 (3.7) 0.0071
Coronary artery disease 159 (3.1) 254 (5.0) <0.0001
Cerebrovascular disease 104 (2.1) 156 (3.1) 0.0011
Congestive heart failure 53 (1.0) 106 (2.1) <0.0001
Hypertension 1,356 (26.7) | 1,503 (29.6) |  0.0003
Type |l diabetes Hypertension
P <0.0001
>30.0 >30.0
&
£
25.0 - 30.0 £ 250-300
=
o
P <0.0001
<25.0 <25.0
0 5 10 15 20 25 0 10 20 30 40 50
Prevalence (%) Prevalence (%)
Glucose
— BAT+
1009 b < 0.0001 110 — BAT-
5 S 100
£ 95 ¢ 2
2 2
Ei S g0
0 § 0]
90—+ £
OLI_I_ OI|—v—|—v—|
?,Sx & 20 30 40
* Q BMI (kg/m?)
High-Density Lipoprotein
— BAT+
60— P =0.0001 70+ — BAT-
60

High-density lipoprotein (mg/dL)

& &
X X

High-desnity lipoprotein (mg/dl)

50

401

OII_'_I_'_l

Ny

20 30

BMI (kg/m?)

40

BMI (kg/m2)

Coronary artery disease -
Cerebrovascular disease -

Congestive heart failure

Low-density lipoprotein (mg/dL)

Triglycerides (mg/dl)

Type |l diabetes -

Dyslipidemia -

Atrial fibrillation |
Atrial flutter

Hypertension -

OR 95% ClI P value
0.46 | 0.39-0.55 | <0.0001
0.91 | 0.82-1.02 | 0.0951
0.86 | 0.68-1.09 | 0.2081
0.63 | 0.50-0.79 | <0.0001
0.80 | 0.61-1.03 | 0.0875
0.56 | 0.40-0.80 | 0.0012
0.88 | 0.79-0.97 | 0.0130

0.0

Coronary artery disease

T
0.5 1.0
OR (95% ClI)

BMI (kg/m2)

3 4

0 2 4 6 8 10 0o 1 2
Prevalence (%) Prevalence (%)
Triglycerides
— BAT+
1807 p=0.0006 230 — BAT-
160 —
T 180
1]
3
120 i = 1804
>
| 2
100 2
. 80__
OLv—v— ol,—,—,—,—|
x . 20 30 40
F &
BMI (kg/m?)
Low-density Total
lipoprotein cholesterol
120 P =0.4406 200 P =0.1492
115+ I 195+
k)
jo)]
} £
110 3 190
3
3
105 < 185+
£
O
1001 T 180t
kel
ol N
&L L&A
X ¥ X ¥

Congestive heart failure

= BAT+
Bl BAT-



https://doi.org/10.1101/2020.02.08.933754
http://creativecommons.org/licenses/by-nc-nd/4.0/

ORXi

Fig 3. Ablghion

HW/BW (mg/g)

]

I

N

100+

Relaxation (%)

50+

peid

R BB AR TR

available under aCC-BY-NC-ND 4.0 International license.

a
Systolic blood pressure
130
g
£ — L —
E S 1 ] p=0.0378°
& 120 B
Q
S
2
(D]
110
week 1 week 2  week 3
Mean arterial pressure
115
S
E
gMno —— % _____________________
% a
p=0.0052
g 105 b S ;
=
100
week 1 week2  week 3
Heart weight
80
(]
(]
—~ 949, _ 6o
° S
w 40
I}
20
0
Acetylcholine
100

8 -7 6 -5

Ach (Log M)

Contraction (%)
()]
?

-
o
o

90

85

Diasystolic BP (mmHg)

80

Diastolic blood pressure - WT
o KO
e S T
T }p=0.0281
[ 3

week 1 week 2  week 3

620

600

580

Heart Rate (bpm)

540

Heart rate

N \‘i] 0=0.0202

week 1 week 2  week 3

Ejection fraction

Phenylephrine

PE (Log M)

Angiotensinogen
serum levels

Protein Levels (fold-change)

1.5

1.0

0.5

0.0

o e WT
e KO

02,08.933754; this version posted February 16, 2020. The copyright holder for this preprint
Pho has granted bioRxiv a license to display the preprint in perpetuity. It is made

. . wT
Fractional shortening Ko
50
40
& 30
(2]
20
10
0
-m WT
Angiotensin Il e KO
80-
£ 60 I
s AN
g 40 s “w
2 St g
Q g -
© 204 3 - ]p<o.0001
= Tu
04 :(:i!
M1 10 -9 8 -7 6
ANGII (Log M)
Angiotensin receptor expression
mesenteric arteries
o WT
4 e KO

-

mRNA expression (fold change)
N

o

['TH BN L

Agtria Agtr1b Agtr2



https://doi.org/10.1101/2020.02.08.933754
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.08.933754; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Extended Data Fig. 1: Number of "®F.FDG PET/CT scans and brown fat prevalence between 06/2009 - 03/2018.
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Extended Data Fig. 4: Study designand charac wos..ohtheipedm$6 mouse model.
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