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Abstract

Oestrogen has been shown to play an important role in the regulation of metabolic homeostasis 

and insulin sensitivity in both human and rodent studies. Overall, females are protected against 

obesity-induced insulin resistance; yet, the mechanisms responsible for this protection are not well 

understood. Therefore, the aim of the present work was to evaluate the underlying mechanism(s) 

by which female mice are protected against obesity-induced insulin resistance compared with male 

mice. We studied male and female mice in age-matched or body weight-matched conditions. They 

were fed a high-fat diet (HFD) or regular chow for 4 weeks. We also studied HFD male mice 

treated with oestradiol or vehicle. Both HFD female and HFD male mice treated with oestradiol 

displayed increased whole-body insulin sensitivity, associated with reduction in ectopic hepatic 

and muscle lipid content compared to HFD male mice. Reductions in ectopic lipid content in these 
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mice were associated with increased insulin-stimulated suppression of white adipose tissue (WAT) 

lipolysis. Both HFD female and HFD male mice treated with oestradiol also displayed striking 

reductions in WAT inflammation, represented by reductions in plasma and adipose tissue tumour 

necrosis factor α and interleukin 6 concentrations. Taken together these data support the 

hypothesis that HFD female mice are protected from obesity-induced insulin resistance due to 

oestradiol-mediated reductions in WAT inflammation, leading to improved insulin-mediated 

suppression of WAT lipolysis and reduced ectopic lipid content in liver and skeletal muscle.

Introduction

Oestrogen has been shown to play an important role in the regulation of metabolic 

homeostasis and insulin sensitivity in both human and rodent studies. These beneficial 

effects of oestrogen on insulin action and glucose homeostasis are supported by studies 

showing that insulin sensitivity is greater in premenopausal women compared with age-

matched men, and metabolism-related cardiovascular diseases and type 2 diabetes are less 

frequent in these same women (Nuutila et al. 1995; Donahue et al. 1997; Hoeg et al. 2009, 

2011; Ribas et al. 2011; Mauvais-Jarvis et al. 2013). Also, it has been shown that lipid 

infusion-induced insulin resistance affects women less than men (Frias et al. 2001; Hoeg et 
al. 2011) and women in reproductive age display higher insulin sensitivity than men despite 

having higher intramuscular triacylglycerol (TAG) (Hoeg et al. 2009). Moreover, oestrogen 

replacement therapy in postmenopausal women reduces the incidence of type 2 diabetes 

(Margolis et al. 2004).

Experimental studies have also shown that oestrogen plays an important role in the 

regulation of metabolic homeostasis (Jones et al. 2000; Galbo et al. 2013; Camporez et al. 
2013a). Increased body weight due to increased fat mass is observed in both ovariectomized 

mice (Camporez et al. 2013a) and ovariectomized rats (Camporez et al. 2011) and both 

female and male aromatase knockout mice, which are unable to synthesize oestrogen, have 

increased body weight, fat mass and adipocyte hyper-trophy compared with wild-type mice, 

demonstrating the impact of oestrogen deficiency on fat accumulation (Jones et al.2000). 

Some studies suggest that oestrogen’s effects on metabolic homeostasis are mediated by 

oestrogen receptor α (ERα). Both male and female ERα knockout mice display increased 

weight gain and fat mass associated with impaired glucose tolerance (Heine et al. 2000), and 

in vivo activation of ERα enhances mitochondrial function and systemic metabolism in high 

fat-fed ovariectomized mice (Hamilton et al. 2016). At the same time, ERβ knockout mice 

do not display changes in body weight, fat mass or glucose tolerance (Foryst-Ludwig et al. 
2008).

Moreover, it has been shown experimentally that female rodents are protected against lipid-

induced insulin resistance compared with male rodents. Intralipid infusion in a rat study 

induced reduced insulin sensitivity in male rats while female rats were not affected (Hevener 

et al. 2002). Also, female rats are protected against high-fat diet (HFD)-induced glucose 

intolerance and insulin resistance associated with reduced inflammatory markers in adipose 

tissue compared with male rats (Estrany et al. 2011; Medrikova et al. 2012; Estrany et al. 
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2013) and it was observed that there was higher insulin sensitivity in adipocytes from female 

mice compared with male mice (Macotela et al. 2009).

Overall, females are protected against lipid-induced insulin resistance; yet, the mechanisms 

responsible for this protection are not well understood. Therefore, the aim of the present 

work was to evaluate the underlying mechanism(s) by which female mice are protected 

against obesity-induced insulin resistance compared with male mice. Here, based on our 

observation, we propose the cellular and physiological mechanisms associated with the 

sexual dimorphic nature of glucose and lipid metabolism that contribute to the differential 

susceptibility of female vs. male mice to lipid-induced insulin resistance in liver, skeletal 

muscle and white adipose tissue (WAT).

Methods

Ethical approval

All experimental procedures were approved by and conducted in accordance with the 

Institutional Animal Care and Use Committee guidelines of Yale University School of 

Medicine and followed the NIH Guide for the Care and Use of Laboratory Animals. 

Moreover, the authors understand, and the work conforms to, the principles and regulations 

of The Journal of Physiology (Grundy, 2015).

Animal care and protocol

All mice used in this study were C57BL6 acquired from The Jackson Laboratory (Bar 

Harbor, ME, USA). Experiments were performed in three different groups.(1) An age-

matched study: male and female mice at 20 weeks of age were fed regular chow (RC) or 

HFD (60% fat (90% from lard and 10% from soybean oil), 20% carbohydrate, 20% protein; 

D12492, Research Diets, New Brunswick, NJ, USA) for 4 weeks. All the experiments were 

performed after the period of 4 weeks of diet. (2) Body weight-matched study: in order to 

perform a study with both male and female mice at similar body weight, we studied male 

mice at 8 week of age and female mice at 20 weeks of age. They were fed RC or HFD for 4 

weeks before the experiments were performed. (3) Oestradiol (E2) treatment study: in order 

to study the effects of E2 treatment in male mice, 12-week-old male mice were fed HFD for 

3 weeks, and then they were S.C. implanted with pellets releasing either placebo (vehicle) or 

E2 (0.1 mg for 60 days, i.e. 50 μg kg−1 day−1; Innovative Research of America, Sarasota, 

FL, USA) and the experiments were performed 3 weeks after E2 pellet implantation. This 

dose of E2 was based on a previous study (Camporez et al. 2013a) and yielded physiological 

plasma concentration in male mice compared with age-matched female mice (plasma E2, pg 

ml−1: vehicle, 6.4 ± 0.8; E2-treated male mice, 31.3 ± 2.5; female mice, 28.8 ± 2.0). During 

all procedures mice were in a constant room temperature environment, with 12:12 h 

light:dark cycle, with free access to water and food.

Fat and lean body mass were assessed by 1H-magnetic resonance spectroscopy (Bruker 

BioSpin, Billerica, MA, USA). The Comprehensive Lab Animal Monitoring System 

(CLAMS; Columbus Instruments, Columbus, OH, USA) was used to evaluated O2 
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consumption, CO2 production, energy expenditure, activity and food consumption. Drinking 

was assessed by a computer system counting consumed water droplets.

Hyperinsulinaemic–euglycaemic clamps

The surgery for the hyperinsulinaemic–euglycaemic clamp was performed under isoflurane 

anaesthesia (5% for induction and 2.5% for maintenance). Carprofen was administrated S.C. 

(5 mg kg−1) after the surgery. Hyperinsulinaemic–euglycaemic clamps were performed as 

previously described (Camporez et al. 2015). Mice had a jugular venous catheter implanted 

7 days before hyperinsulinaemic–euglycaemic clamp. Whole-body glucose turnover was 

assessed by [3-3H]glucose (HPLC purified; Perkin-Elmer Life Sciences, Waltham, MA, 

USA) infused at a rate of 0.05 μCi min−1 for 120 min into the jugular catheter after ~6 h 

fasting condition. Following the basal period, hyperinsulinaemic–euglycaemic clamps were 

performed in conscious mice for 140 min with a 3 min primed infusion of insulin (6.0 mU 

kg−1 min−1) and [3-3H]glucose (0.24 μCi min−1), followed by a continuous (2.5 mU kg−1 

min−1) infusion of human insulin (Novolin; Novo Nordisk, Cambridge, MA, USA), and 

[3-3H]glucose (0.1 μCi min−1), and a variable infusion of 20% dextrose to maintain 

euglycaemia (100–120 mg dL−1). To evaluate tissue-specific glucose uptake, a 10 μCi bolus 

of 2-deoxy-D-[1-14C]glucose (Perkin-Elmer) was injected after 85 min to estimate the 

insulin-stimulated tissue glucose uptake. Plasma samples were obtained from the tip of the 

tail at 0, 25, 45, 65, 80, 90, 100, 110, 120, 130 and 140 min. The tail incision was made at 

least 2 h before the first blood sample was taken to allow for acclimatization, according to 

standard operating procedures. Basal and insulin-stimulated whole body glucose turnover 

rates (Rd) = ([3-3H]glucose infusion (in dpm))/(plasma glucose specific activity (dpm mg
−1)) at the end of the basal period and during the final 40 min of the clamp, respectively. 

Endogenous glucose production = Rd − glucose infusion rate. Tissue 2-

[14C]deoxyglucose-6-phosphate content was measured following sample homogenizing, and 

the supernatant’s 2-[14C]deoxyglucose-6-phosphate was separated from 2-deoxyglucose 

with an ion exchange column. During both basal and clamped periods, mice were co-infused 

with sodium [U-13C]palmitate (300 mg kg−1 min−1) and [1,1,2,3,3-d5]glycerol (2.25 mmol 

kg−1 min−1) and their plasma enrichments were measured by gas chromatography–mass 

spectrometry (GC-MS: HP6890–5975C, column: HP-101 25 m × 0.33 μm, CI ionization: 

isobutane). Briefly, [U-13C]palmitate enrichment was determined as follows. Plasma lipids 

were extracted into ethyl ether, free fatty acids purified by silica thin layer chromatography 

(developed with hexane:ethyl ether:acetic acid, 60:13:0.65), derivatized as the fatty-acid 

methyl ester by reaction with BF3–methanol, and analysed by GC-MS (m/z 271–287) (Wu 

et al. 2011). Briefly, [1,1,2,3,3-d5]glycerol enrichment was determined as follows. Plasma 

was deproteinized with equal volumes ZnSO4 (4 M), BaOH (4 M), dried under vacuum, and 

derivatized as the triacetate by reaction with acetic anhydride and pyridine, quenched with 

methanol and analysed by GC-MS (m/z 219–224) (Previs et al. 1999). Palmitate and 

glycerol turnover (stated here as whole-body lipolysis) were calculated as previously 

describes (Perry et al. 2015), using the formula below.

Turnover =
13C tracer enrichment

13C plasma enrichment
− 1 × Infusion rate
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At the end of the clamps, mice were anaesthetized with pentobarbital sodium injection (150 

mg kg−1) and all tissue samples taken were snap-frozen in liquid nitrogen and stored at 

−80°C for subsequent use. The skeletal muscle used was gastrocnemius + soleus and the 

white adipose tissue collected was the peri-gonadal for the male mice and peri-uterine for 

the female mice.

Tissue lipid measurement

The euthanasia for tissue harvesting was performed under isoflurane anaesthesia. Tissue 

triglycerides were extracted using the method of Folch et al. (1957) and measured using a 

Triglyceride-SL reagent (Seikisui Diagnostics, Lexington, MA, USA).

For ceramide extraction, approximately 50 mg of tissue was homogenized with 1 ml of 

methanol. Chloroform and a C17 internal standard were added. The sample was mixed well 

for 15 min. Water was then added to create an organic and aqueous phase. After 

centrifugation, the organic layer was collected, dried overnight in a vacuum oven, and 

reconstituted with chloroform. Lipid metabolite extract was subjected to liquid 

chromatography (LC)–tandem mass spectrometry (MS/MS) analysis. An atmospheric 

pressure chemical ionization source in positive mode was interfaced with a 6500 Qtrap 

tandem mass spectrometer (SCIEX, Framingham, MA, USA) in conjunction with a 

Shimadzu Prominence HPLC System (Shimadzu, Columbia, MD, USA). The following 

species were monitored using a multiple reaction monitoring (MRM) method: C16 

520.6/264.2, C18 548.6/264.2, C20 576.8/264.2, C22 604.8/264.2, C24:1 631.0/264.2, C24 

633.0/264.2 and IS C17 534.6/264.2. Total ceramide content was expressed as the sum of 

individual species.

For diacylglycerol (DAG), approximately 50 mg of tissue was homogenized in ice-cold 

CHCl3–methanol (2:1 v/v) containing 0.01% butylated hydroxytoluene and the internal 

standards 1,2-dinonadecanoin and 1,2,3-triheptadecanoate. Water and chloroform were 

added to create an organic and aqueous phase. After centrifugation, the organic layer was 

collected, dried under nitrogen flow, and reconstituted with hexane–methylene chloride–

ether (89/10/1 v/v/v). Diacylglycerol was separated from TAG with preconditioned diol 

columns (Waters Sep Pak Cartridge WAT020845; Waters, Milford, MA, USA) and eluted 

with hexane–ethyl acetate (85/15 v/v) under a low negative pressure. Lipid metabolite 

extracts were subjected to LC-MS/MS analysis. An Application Program Interface (API) 

source was interfaced with an API 6500 QTRAP tandem mass spectrometer (SCIEX) in 

conjunction with a Shimadzu Prominence HPLC System (Shimadzu). The following species 

were monitored using a MRM method: C16:0–16:0 551.6/239.3, C16:0–18:0 579.7/239.3, 

C16:0–18:1 577.6/239.3, C16:0–18:2 575.7/236.2, C18:0–18:0 607.7/267.3, C18:0–18:1 

605.7/267.3, C18:0–18:2 603.7/267.3, C18:1–18:1 603.7/265.3, C18:1–18:2 601.7/265.3, 

C16:0–20:4 599.7/239.3, C18:0–20:4 627.7/267.3, C20:4–20:5 645.7/287.3, C17:0–17:0 

579.7/253.3, C19:0–19:0 635.8/281.4. Total diacylglycerol content was expressed as the sum 

of individual species. To minimize any potential confounding effects of matrix effects on our 

LC-MS/MS analyses, all comparisons were made on relative differences between DAG/

ceramide content in skeletal muscle of male vs. female mice or control vs. E2-treated mice 

analysed in the same LC-MS/MS run and relative differences between DAG/ceramide 
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content in liver tissue from male vs. female mice or control vs. E2-treated mice analysed in 

the same LC-MS/MS run.

All lipid measurements were made from tissues harvested from 6 h fasted mice.

Adipose immune profiling

Visceral adipose tissue was digested with collagenase I (1 mg ml−1 in Hanks’ balanced salt 

solution) to separate the stromal vascular fraction (SVF). SVF was stained with live/dead 

viability dye (Thermo Fisher Scientific, Waltham, MA, USA), CD45, CD3, B220, CD11b, 

F4/80, CD11c and CD206 (from eBioscience (San Diego, CA, USA) and BioLegend (San 

Diego, CA, USA)) to gate T cells, B cells and macrophages. Data was acquired on an LSR II 

(BD Biosciences, San Jose, CA, US) and analysed in FlowJo (Treestar, Ashland, OR, USA). 

Samples were de-identified with regard to treatment (control vs. E2) for processing and 

analysis.

Immuno-blotting analysis

Tissues were homogenized in RIPA lysis buffer supplemented with protease inhibitor 

cocktail (Roche, New York, NY, USA) for protein isolation. Proteins from homogenized 

liver or skeletal muscle (60 μg of protein extracts) were electrophoretically separated by 4–

12% SDS-PAGE (Thermo Fisher Scientific) and then transferred to polyvinylidene 

difluoride membranes (Millipore, Billerica, MA, USA) using a semidry transfer cell (Bio-

Rad Laboratories, Hercules, CA, USA) for 120 min. After blockade of non-specific sites 

with 5% non-fat dry milk TBST (10 mM Tris, 100 mM NaCl, and 0.1% Tween 20) solution, 

membranes were incubated overnight at 4°C with the following primary antibodies: total 

Akt, total insulin receptor kinase (IRK), tyrosine pY1162 IRK (Santa Cruz Biotechnology, 

Inc., Dallas, TX, USA), Akt2 phosphorylation Ser474 (Cell Signaling Technology, Danvers, 

MA, USA), protein kinase C (PKC) ε (BD Transduction Laboratories, Lexington, KY, USA) 

and PKCθ (BD Transduction Laboratories). After washing with TBST, membranes were 

incubated with horse-radish peroxidase-conjugated anti-rabbit or anti-mouse secondary 

antibody. Membranes were thoroughly washed, and immune complexes were detected using 

an enhanced luminol chemiluminescence system (ECL; Thermo Fisher Scientific) and 

subjected to photographic films. Signals on the immuno-blot were quantified by optical 

densitometry (Scion Image software, Bethesda, MD, USA).

Plasma analyses

Plasma TAG concentrations were measured using a Triglyceride-SL reagent (Seikisui 

Diagnostics). Plasma fatty acids were determined with the NEFA C kit (Wako Pure 

Chemical Industries, Richmond, VA, USA). Plasma insulin concentrations were measured 

by RIA (Millipore). Plasma cytokines were measured using a mouse V-PLEX 

Proinflammatory Panel 1 (Meso Scale Discovery, Rockville, MD, USA) and adipose tissue 

cytokines were measured using a mouse inflammatory cytokine multi-analyte ELISArray kit 

(Qiagen, Germantown, MD, USA – product no. 336161, cat. no. MEM-004A).
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Macrophages cell culture

J774 cells (ATCC® TIB-67™, acquired from ATCC, Manassas, VA, USA) were grown in 

RPMI-1640 medium without phenol red containing 10% fetal bovine serum (charcoal 

stripped – Thermo Fisher Scientific). This medium was supplemented with glutamine (2 

mM), HEPES (20 mM), streptomycin (10,000 μg ml−1), penicillin (10,000 UI ml−1), and 

sodium bicarbonate (24 mM). Cells were grown in 75 ml flasks containing (0.5–1) × 106 

cells ml−1. The cells were kept in a humidified atmosphere containing 5% CO2 at 37°C. The 

cells were diluted to 2.5 × 105 ml−1 in 24-well plate. On the following day, when the number 

of cells reached 5 × 105 ml−1, they were treated with 100 μM of palmitate, or oestradiol (10 

nM), or a specific ERα inhibitor (methyl-piperidino-pyrazole; MPP; 50 μM) for 24 h.

Statistical analysis

All data are expressed as means ± SEM. Results were assessed using two-tailed unpaired 

Student’s t test or two-way ANOVA (Prism 5, GraphPad Software Inc., La Jolla, CA, USA). 

A P value less than 0.05 was considered significant.

Results

Age-matched mouse studies

First, we evaluated whole-body metabolism in age-matched mice (~20 weeks old). Male 

mice weighed more than female mice both after regular chow (RC) and after 4 weeks on a 

HFD (Table 1). Interestingly, the female mice fed RC had a higher percentage of whole-

body fat as compared to male mice (Table 1), but there was no difference in percentage body 

fat in HFD-fed mice (Table 1). Fasting plasma insulin concentrations in HFD-fed mice were 

lower in female mice (Table 1) compared with male mice, suggesting greater whole-body 

insulin sensitivity. We also used a Comprehensive Lab Animal Monitoring System for 

simultaneous measurements of several metabolic parameters in RC-fed mice and found no 

difference between the groups in energy expenditure, respiratory exchange ratio (RER), 

caloric intake or water consumption (Table 1). Interestingly, female mice displayed a slightly 

higher ambulatory activity (Table 1). Next, in order to evaluate whole-body insulin 

sensitivity, hyperinsulinaemic–euglycaemic clamps were performed in age-matched female 

and male mice after RC and HFD feeding. There was no difference in insulin sensitivity 

between male and female mice fed RC (Fig. 1A and B), while HFD-fed male mice required 

a reduced glucose infusion rate (GIR) compared with RC-fed mice to maintain euglycaemia 

during the hyperinsulinaemic–euglycaemic clamp (Fig. 1A and B), demonstrating increased 

whole-body insulin resistance. However, HFD-fed female mice were protected against 

obesity-induced insulin resistance and displayed no reduction in GIR compared with RC 

female or HFD male mice (Fig. 1A and B). This protection against lipid-induced insulin 

resistance was accounted for by both peripheral and hepatic insulin action. Female mice fed 

HFD displayed higher whole-body insulin-stimulated peripheral glucose metabolism (Fig. 

1C) compared with male mice, along with greater muscle and WAT glucose uptake (Fig. 

1D). Also, female mice fed HFD presented higher insulin-stimulated suppression of 

endogenous glucose production compared with HFD-fed male mice (Fig. 1E and F). Lastly, 

improvements in hepatic and muscle insulin sensitivity in HFD-fed female mice were 

associated with greater suppression of plasma non-esterified fatty acid levels by insulin 
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(NEFA) (Fig. 1G and H), suggesting higher WAT insulin sensitivity and reduced WAT 

lipolysis in HFD-fed female compared with HFD-fed male mice.

Since previous studies have shown a strong causal relationship between ectopic lipid 

accumulation and hepatic and muscle insulin resistance (Cantley et al. 2013; Camporez et al. 
2015; Samuel & Shulman, 2016), we measured ectopic lipid content as well as activation of 

PKCε and PKCθ, in liver and muscle respectively, in RC and HFD male and female mice. 

There was no difference in hepatic TAG (Fig. 2A) or diacylglycerol (DAG) content (Fig. 2B) 

between RC-fed male and female mice. However, HFD-fed female mice displayed lower 

hepatic TAG (Fig. 2A) and DAG content (Fig. 2B) compared with HFD-fed male mice, 

without any difference in hepatic ceramide content between any group (Fig. 2C). Lesser 

hepatic TAG and DAG content were associated with smaller hepatic PKCε activation in 

HFD-fed female mice compared with HFD-fed male mice (Fig. 2D). Moreover, HFD-fed 

female mice displayed lower muscle TAG (Fig. 2E) and DAG content (Fig. 2F) compared 

with HFD-fed male mice, again without any difference in muscle ceramide content (Fig. 

2G). These results were associated with less muscle PKCθ activation in HFD-fed female 

compared with male mice (Fig. 2H).

Body weight-matched studies

Differences in body weight between study groups can confound the interpretation of 

hyperinsulinaemic–euglycaemic clamp studies. In order to avoid the differences in body 

weight between male and female mice during the evaluation of insulin sensitivity, we studied 

body weight-matched mice by varying age at the time of study. There was no difference in 

body weight between groups (8-week-old male vs. 20-week-old female) during either RC or 

HFD feeding (Table 2), but RC-fed female mice displayed a higher percentage body fat 

compared with RC-fed males. In contrast, there was no difference in percentage body fat 

between HFD-fed female and male mice (Table 2). Fasting plasma insulin concentrations 

were lower in HFD female mice compared with male mice (Table 2), suggesting improved 

whole-body insulin sensitivity. Also, there was no difference between groups in energy 

expenditure, RER, caloric intake, activity or water consumption (Table 2). Consistent with 

the results during age-matched studies where differences in body weight were present (Fig. 

1), body weight-matched female mice fed HFD were protected against lipid-induced whole-

body insulin resistance compared with male mice (Fig. 3A and B). This protection against 

insulin resistance in female mice was accounted for by greater insulin-stimulated muscle and 

WAT glucose disposal in HFD-fed mice (Fig. 3C and D), and larger hepatic insulin 

sensitivity (Fig. 3E and F). This improvement in hepatic insulin sensitivity and muscle 

glucose disposal in HFD-fed female mice was associated with higher insulin-stimulated 

insulin receptor kinase (IRK) tyrosine1162 phosphorylation and Akt2 phosphorylation in 

liver and Akt2 phosphorylation in muscle (Fig. 3G–I). The larger whole-body insulin 

sensitivity in HFD-fed female mice was associated with improved insulin-stimulated 

suppression of WAT lipolysis compared with male mice, determined as the absolute 

reduction in plasma NEFA concentration, as well as the change in the rate of glycerol and 

palmitate turnover in response to insulin (Fig. 3J–L).
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To investigate whether differences in ectopic lipid accumulation were associated with the 

protection against lipid-induced insulin resistance in body weight-matched male and female 

mice, we measured hepatic and muscle lipid content after HFD feeding. Female mice 

displayed lower hepatic TAG (Fig. 4A) and DAG content (Fig. 4B), but no differences in 

ceramide levels (Fig. 4C). Smaller TAG and DAG content occurred in parallel with lower 

hepatic PKCε activation in female compared with male mice (Fig. 4D). Consistent with the 

less hepatic lipid content, female mice also displayed lower muscle TAG (Fig. 4E) and DAG 

content (Fig. 4F), without differences in muscle ceramide content (Fig. 4G). Similarly, lesser 

muscle TAG and DAG content were associated with lower muscle PKCθ activation in HFD-

fed female compared with male mice (Fig. 4H).

Oestradiol-treated male mice studies

Previous studies have shown that oestradiol (E2) administration plays a pivotal role in the 

protection against obesity and insulin resistance in female mice (Jones et al. 2000; Galbo et 
al. 2013). Therefore, we next examined whether E2 treated HFD-fed male mice would be 

protected against lipid-induced insulin resistance. Interestingly, E2-treated male mice 

displayed reduced percentage body fat compared with vehicle-treated controls after HFD 

feeding (Table 3). Also, E2-treated mice manifested reduced fasting plasma insulin 

concentrations (Table 3), suggesting improved whole-body insulin sensitivity. E2 treatment 

also increased energy expenditure, caloric intake and drinking (Table 3), with no changes in 

activity (Table 3). Next, whole-body insulin action was evaluated by a hyperinsulinaemic–

euglycaemic clamp combined with stable and radio-labelled tracers to assess insulin action 

in liver, muscle and WAT. Male mice treated with E2 required increased GIR to maintain 

euglycaemia, an indication of improved whole-body insulin sensitivity compared with 

vehicle-treated mice (Fig. 5A). The increased whole-body insulin sensitivity was accounted 

for by improved insulin-stimulated peripheral glucose metabolism (Fig. 5B), which in turn 

could be attributed to increased insulin-stimulated skeletal muscle and WAT glucose uptake 

(Fig. 5C), as well as improved hepatic insulin sensitivity (Fig. 5D and E). This improvement 

in hepatic insulin sensitivity and muscle glucose disposal in E2-treated mice was associated 

with increased insulin-stimulated IRK tyrosine1162 phosphorylation and Akt2 

phosphorylation in liver and Akt2 phosphorylation in muscle (Fig. 5F–H). The protection 

against obesity-induced liver and skeletal muscle insulin resistance in E2-treated mice was 

also associated with improved insulin-stimulated suppression of WAT lipolysis (Fig. 5I–L).

Given the reduction in ectopic lipid accumulation in female mice and their protection against 

lipid-induced insulin resistance, we next evaluated ectopic lipid content in liver and skeletal 

muscle and novel PKC activation in HFD-fed vehicle and E2-treated male mice. Hepatic 

TAG (Fig. 6A) and DAG (Fig. 6B) were reduced in E2-treated compared with vehicle-

treated mice, without differences in hepatic ceramide content (Fig. 6C). E2-treated mice also 

displayed reduced hepatic PKCε activation (Fig. 6D). Consistent with the reduction in 

hepatic lipid content, E2-treated mice displayed reduced muscle TAG (Fig. 6E) and DAG 

(Fig. 6F) content, without differences between groups in muscle ceramide content (Fig. 6G). 

Accordingly, muscle PKCθ activation was reduced in E2-treated mice (Fig. 6H).
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Inflammation profiling evaluation

The WAT inflammation has been implicated in the pathogenesis of HFD-induced insulin 

resistance (Hotamisligil, 2006; Perry et al. 2015). In particular, the inability of insulin to 

suppress WAT lipolysis would increase the delivery of fatty acids to other tissues, causing 

insulin resistance (Perry et al. 2015). In order to evaluate whether WAT inflammation plays a 

role in the sexual dimorphism in lipid-induced insulin resistance, we examined plasma and 

WAT cytokine concentrations in HFD-fed male vs. female mice (body weight-matched 

mice), and HFD-fed vehicle vs. E2-treated male mice. There was no difference in plasma 

interleukin (IL)-1β levels between HFD-fed male and female mice (Fig. 7A), but female 

mice displayed significantly reduced plasma IL-6 levels (Fig. 7A), plasma interferon-γ 
(IFN-γ) (Fig. 7A), and plasma tumour necrosis factor α (TNF-α) compared with male mice 

(Fig. 7A). Consistent with the plasma cytokine levels, female mice displayed no difference 

in WAT IL-1β levels (Fig. 7B), and reduced WAT IL-6 (Fig. 7B), IFN-γ (Fig. 7B) and TNF-

α levels (Fig. 7B). We next examined whether HFD-fed, E2-treated male mice would also 

display reduced inflammation compared with HFD-fed, vehicle-treated male mice. Plasma 

IL-1β, IL-6 and TNF-α (Fig. 7C) were reduced in E2-treated mice compared with vehicle-

treated mice, without any difference in plasma IFN-γ (Fig. 7C). Consistent with plasma 

levels, E2-treated mice displayed reduced WAT IL-1β, IL-6 and TNF-α concentrations (Fig. 

7D), without any difference in WAT IFN-γ (Fig. 7D). Also, in visceral adipose tissue, E2 

treatment reduced the accumulation and absolute number of macrophages (Fig. 7E–G), 

which are well known to promote inflammation and metabolic dysfunction.

In order to evaluate whether E2 displays direct effects on macrophages, we performed a 

macrophage cell line culture, which has been shown to respond to palmitate, releasing 

cytokines (de Lima-Salgado et al. 2011). Therefore, these cells were treated with palmitic 

acid (for 24 h) in order to mimic the in vivo HFD-fed mice and induce inflammatory 

cytokine secretion. Palmitate treatment induced a dramatic increase in TNF-α and IL-6 

concentration in the supernatant (Fig. 8). Interesting, E2 treatment protected against 

palmitate-induced increase in TNF-α and IL-6 concentration in the supernatant, reaching 

almost the vehicle-treated cells’ levels (Fig. 8). The cells were also concomitantly treated 

with a pharmacological inhibitor of ERα. The inhibition of ERα prevented the protective 

effect of E2 against palmitate-induced inflammatory cytokine release (Fig. 8).

Discussion

Since most experimental and clinical research has not considered how sex differences might 

impact the experimental outcomes, it has been postulated that there is a need to incorporate 

the different sexes in experimental and clinical research in order to understand the 

mechanism by which metabolic processes differ by sex (Morselli et al. 2016). As a result, 

this gap in scientific knowledge has been recently recognized by the National Institutes of 

Health (NIH), which now mandates that NIH-supported studies be conducted in both sexes.

Epidemiological, clinical and molecular studies have suggested that oestrogen plays a 

critical role in metabolic homeostasis by regulating lipid and glucose metabolism (Barros & 

Gustafsson, 2011), and the loss of oestrogen may have profound effects on glucose 

homeostasis and insulin sensitivity in both post-menopausal women (Lovejoy et al. 2008) 
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and rodents (Jones et al. 2000; Rogers et al. 2009). In the present study, we found that 

endogenous oestrogen is important to protect against HFD-induced whole-body insulin 

resistance compared with male mice, and E2 treatment in male mice also protected against 

obesity-induced insulin resistance. Also, we showed that oestrogen plays an important role 

in modulating WAT inflammation and ectopic lipid accumulation in liver and skeletal 

muscle. These effects may be attributed in part to ERα as shown by the lack of E2-mediated 

protection in vitro on macrophages after a pharmacological ERα inhibition. These data are 

consistent with prior studies that implicated reduced signalling via ERα on macrophages as 

contributor towards increased insulin resistance and inflammation (Ribas et al. 2011). 

Although E2 did not alter M1-like or M2-like phenotypes (CD11c or CD206 expression, 

respectively – data not shown), this is not terribly surprising given that adipose tissue 

macrophages have a diverse phenotype and do not discretely fit into an M1/M2 paradigm 

(Camell et al. 2017). Other studies have also shown that female rodents are protected against 

HFD-induced insulin resistance associated with reduced adipose tissue inflammation 

(Medrikova et al. 2012; Estrany et al.2013)and these differences in haematopoietic stem 

cells may contribute to this sexually dimorphic inflammatory response to HFD-induced 

obesity and insulin resistance (Singer et al. 2015).

These mechanistic data corroborate several clinical and experimental studies that showed 

that inactivating mutations of ERα in human recapitulate aspects of the metabolic syndrome 

(Smith et al. 1994; Yoshihara et al. 2009), and diminished ERα expression is associated with 

obesity, and consequently, insulin resistance in women (Nilsson et al. 2007), while male and 

female ERα knockout mice displayed increased weight gain and fat mass associated with 

impaired glucose tolerance and insulin resistance (Heine et al. 2000), and ERα agonist-

treated mice fed a HFD diet improved insulin sensitivity (Hamilton et al. 2016). Also 

corroborating our study, macrophage specific ERα knockout mice are prone to inflammation 

and insulin resistance (Ribas et al. 2011).

Inflammation has emerged as a central underpinning in obesity-induced insulin resistance as 

reflected by the observations of severe insulin resistance in septic patients (Clowes et al. 
1978; Iochida et al. 1989) and increased plasma cytokine concentrations in insulin-resistant 

obese and diabetic subjects (Visser et al. 1999; Yudkin et al. 2000). Later studies in obese 

rodents that display insulin resistance demonstrated increased TNFα in adipose tissue 

(Hotamisligil et al. 1993) which decreased with weight reduction (Hotamisligil et al. 1995). 

Increased adipose tissue macrophages recruitment plays a predominant role in pro-

inflammatory cytokine production in obesity (Xu et al. 2003; Weisberg et al. 2006). Several 

studies have demonstrated that pro-inflammatory cytokines, such as TNF-α, increase WAT 

lipolysis (Kawakami et al. 1987; Perry et al. 2015), although the underlying mechanism is 

unclear. Furthermore, IL-6 infusion in healthy humans increases plasma fatty acid and 

glycerol concentrations (indirect measures of WAT lipolysis) (Watt et al. 2005), and IL-6 

infusion also increased WAT lipolysis in rodents and reduced insulin-stimulated suppression 

of lipolysis (Perry et al. 2015). Thus, adipose tissue inflammation may increase lipolysis, 

consistent with our data showing reduced insulin-stimulated suppression of WAT lipolysis in 

HFD fed male mice associated with increased WAT inflammation compared with female 

mice. This, in turn, may have contributed to insulin resistance, by which the lipolysis excess 

could induce an increased flux of NEFA to liver and muscle and, consequently, drive fatty 
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acid re-esterification and ectopic lipid accumulation, leading to the associated impairments 

in insulin signalling. This mechanism of increased NEFA flux to drive fatty acid re-

esterification and ectopic lipid accumulation, independently of insulin action or other 

factors, has been demonstrated recently by our group (Vatner et al. 2015).

The association between ectopic lipid accumulation and insulin resistance is widely 

accepted. Several studies have shown this strong causal relationship between ectopic lipid 

accumulation and hepatic and muscle insulin resistance (Cantley et al. 2013; Camporez et al. 
2015, 2017; Petersen et al. 2016; Samuel & Shulman, 2016; Abulizi et al. 2017), and our 

data clearly showed this association between reduced ectopic lipid content (DAG in 

particular) and protection against obesity-induced insulin resistance in female mice (and E2-

treated male mice). This protection against obesity-induced insulin resistance was also 

observed in humans, with women being protected when compared with men (Frias et al. 
2001; Hoeg et al. 2011), and in rats (Hevener et al. 2002). The major lipid intermediary is 

DAG, which activates members of the PKC family. Muscle lipid accumulation is associated 

with activation of a novel PKC (isoform PKCθ), providing a potential link between lipid 

accumulation and alteration in insulin sensitivity. This link between DAG-mediated 

activation of PKCθ and muscle insulin resistance has been replicated in human studies (Itani 

et al. 2002; Szendroedi et al. 2014) as well as mouse/rat studies (Galbo et al. 2013; 

Camporez et al. 2013b, 2017). Together, these studies support the paradigm that DAG 

accumulation in muscle can lead to muscle insulin resistance through activation of PKCθ. A 

similar mechanism has also been demonstrated in liver. The hepatic accumulation of DAG 

activates a novel PKC (isoform PKCε), which promotes increased phosphorylation of a 

critical threonine in the catalytic subunit of the IRK (threonine1160 human IRK, 

threonine1150 mouse IRK) leading to decreased IRK tyrosine phosphorylation and reduced 

IRK activity (Petersen et al. 2016). Taken together, these studies demonstrate that ectopic 

lipid accumulation within the liver can specifically cause hepatic insulin resistance.

In summary, we have shown that both female mice and E2-treated male mice are protected 

against obesity-induced whole-body insulin resistance, which in turn could be attributed to 

protection from lipid-induced insulin resistance in liver, skeletal muscle and WAT. This 

protection against obesity-induced insulin resistance in liver and skeletal muscle was 

associated with reduced ectopic lipid (DAG) content and reduced PKCε and PKCθ 
activation in liver and muscle, respectively. Both HFD female mice and E2-treated male 

mice also manifested improved insulin-stimulated suppression of WAT lipolysis, which was 

associated with reduced plasma and adipose tissue cytokines. Taken together, our data 

suggest that E2 plays an important role in mediating protection against HFD-induced WAT 

inflammation, which improves insulin action in suppressing WAT lipolysis, reducing the 

delivery of fatty acids to liver and muscle, and protecting against ectopic lipid-induced liver 

and muscle insulin resistance.
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Key points

• Oestrogen has been shown to play an important role in the regulation of 

metabolic homeostasis and insulin sensitivity in both human and rodent 

studies.

• Insulin sensitivity is greater in premenopausal women compared with age-

matched men, and metabolism-related cardiovascular diseases and type 2 

diabetes are less frequent in these same women.

• Both female and male mice treated with oestradiol are protected against 

obesity-induced insulin resistance.

• The protection against obesity-induced insulin resistance is associated with 

reduced ectopic lipid content in liver and skeletal muscle.

• These results were associated with increased insulin-stimulated suppression 

of white adipose tissue lipolysis and reduced inflammation.
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Figure 1. Age-matched female mice are protected against HFD-induced insulin resistance
A, plasma glucose and glucose infusion rate (GIR) during the course of the 

hyperinsulinaemic–euglycaemic clamp. B, average of GIR during the steady-state (last 40 

min) of the hyperinsulinaemic–euglycaemic clamp. C, whole-body glucose uptake (Rd) 

during the hyperinsulinaemic–euglycaemic clamp. D, tissue specific 2-deoxyglucose uptake 

during the hyperinsulinaemic–euglycaemic clamp. E and F, endogenous glucose production 

and suppression (%) during basal and hyperinsulinaemic–euglycaemic clamp. G and H, non-
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esterified fatty acids (NEFA) and suppression (%) during basal and hyperinsulinaemic–

euglycaemic clamp. Data are means ± SEM.
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Figure 2. Age-matched female mice are protected against HFD-induced ectopic lipid 
accumulation
A, basal hepatic TAG content. B, basal hepatic DAG content. C, basal hepatic ceramide 

content. D, basal liver PKCε activation. E, basal muscle TAG content. F, basal muscle 

membrane DAG content. G, basal muscle ceramide content. H, basal muscle PKCθ 
activation. Data are means ± SEM.
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Figure 3. Body weight-matched female mice are protected against HFD-induced insulin 
resistance
A, plasma glucose and glucose infusion rate (GIR) during the course of the 

hyperinsulinaemic–euglycaemic clamp. B, average of GIR during the steady-state (last 40 

min) of the hyperinsulinaemic–euglycaemic clamp. C, whole-body glucose uptake (Rd) 

during the hyperinsulinaemic–euglycaemic clamp. D, tissue specific 2-deoxyglucose uptake 

during the hyperinsulinaemic–euglycaemic clamp. E and F, endogenous glucose production 

and suppression (%) during basal and hyperinsulinaemic–euglycaemic clamp. G–I, western 

blot images and quantification for insulin-stimulated IRK tyrosine1162 phosphorylation and 

Akt2 phosphorylation in HFD-fed male and female mice. J, non-esterified fatty acids 
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(NEFA) during basal and hyperinsulinaemic–euglycaemic clamp. K and L, glycerol and 

palmitate turnover during basal and hyperinsulinaemic–euglycaemic clamp. Data are means 

± SEM.
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Figure 4. Body weight-matched female mice are protected against HFD-induced ectopic lipid 
accumulation
A, basal hepatic TAG content. B, basal hepatic DAG content. C, basal hepatic ceramide 

content. D, basal liver PKCε activation. E, basal muscle TAG content. F, basal muscle 

membrane DAG content. G, basal muscle ceramide content. H, basal muscle PKCθ 
activation. Data are means ± SEM.
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Figure 5. Oestradiol-treated male mice are protected against HFD-induced insulin resistance
A, average of GIR during the steady-state (last 40 min) of the hyperinsulinaemic–

euglycaemic clamp. B, whole-body glucose uptake (Rd) during the hyperinsulinaemic–

euglycaemic clamp. C, tissue specific 2-deoxyglucose uptake during the hyperinsulinaemic–

euglycaemic clamp. D and E, endogenous glucose production and suppression (%) during 

basal and hyperinsulinaemic–euglycaemic clamp. F–H, western blot images and 

quantification for insulin-stimulated IRK tyrosine1162 phosphorylation and Akt2 

phosphorylation. I and J, non-esterified fatty acids (NEFA) and suppression (%) during basal 

and hyperinsulinaemic–euglycaemic clamp. K and L, glycerol and palmitate turnover during 

basal and hyperinsulinaemic–euglycaemic clamp. Data are means ± SEM.

Camporez et al. Page 24

J Physiol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Oestradiol-treated male mice are protected against HFD-induced ectopic lipid 
accumulation
A, basal hepatic TAG content. B, basal hepatic DAG content. C, basal hepatic ceramides 

content. D, basal liver PKCε activation. E, basal muscle TAG content. F, basal muscle 

membrane DAG content. G, basal muscle ceramide content. H, basal muscle PKCθ 
activation. Data are means ± SEM.
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Figure 7. Body weight-matched female mice and oestradiol-treated male mice displayed reduced 
plasma and adipose tissue inflammation after high fat feeding
A, plasma IL-1β, IL-6, IFN-γ and TNF-α concentration in male vs. female mice. B, adipose 

tissue IL-1β, IL-6, IFN-γ and TNF-α concentration in male vs. female mice. C, plasma 

IL-1β, IL-6, IFN-γ and TNF-α concentration in vehicle vs. oestradiol-treated male mice. D, 

adipose tissue IL-1β, IL-6, IFN-γ and TNF-α concentration in vehicle vs. oestradiol-treated 

male mice. E and F, visceral fat immune profile from vehicle vs. oestradiol-treated male 

mice. G, representative flow cytometry contour plots of adipose tissue macrophages from 

vehicle vs. oestradiol-treated male mice. Data are means ± SEM.
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Figure 8. Oestradiol protected in vitro against palmitate-induced macrophage cytokine release
A, supernatant TNF-α concentration from macrophage cell line (J774A) culture. B, 

supernatant IL-6 concentration from macrophage cell line (J774A) culture. Data are means ± 

SEM.

Camporez et al. Page 27

J Physiol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Camporez et al. Page 28

Ta
b

le
 1

.

B
as

al
 c

ha
ra

ct
er

iz
at

io
n 

of
 m

al
e 

an
d 

fe
m

al
e 

m
ic

e 
at

 th
e 

sa
m

e 
ag

e 
(2

0 
w

ee
ks

 o
ld

)

R
C

H
F

D

C
ha

ra
ct

er
is

ti
c

M
al

e
F

em
al

e
M

al
e

F
em

al
e

B
od

y 
w

ei
gh

t (
g)

28
.9

 ±
 0

.5
22

.1
 ±

 0
.4

**
36

.5
 ±

 1
.6

26
.6

 ±
 0

.8
**

B
od

y 
fa

t (
%

)
6.

9 
±

 1
.1

11
.5

 ±
 0

.8
*

24
.8

 ±
 2

.5
21

.7
 ±

 1
.9

Fa
st

in
g 

in
su

lin
 (

μU
 m

l−
1 )

9.
1 

±
 3

.0
6.

2 
±

 1
19

.3
 ±

 1
.8

9.
8 

±
 1

.9
*

C
la

m
pe

d 
in

su
lin

 (
μU

 m
l−

1 )
44

.6
 ±

 2
.7

42
.7

 ±
 3

.8
52

.9
 ±

 7
.8

47
.4

 ±
 3

.7

G
lu

co
se

 (
m

g 
dl

−
1 )

11
3.

8 
±

 3
.0

11
7.

8 
±

 6
11

5.
4 

±
 1

.8
11

1.
3 

±
 3

.4

E
ne

rg
y 

ex
pe

nd
itu

re
 (

kc
al

 k
g−

1  
h−

1 )
16

.5
 ±

 0
.5

17
.4

 ±
 0

.3
N

A
N

A

R
E

R
 

V̇
O 2/V̇

CO
2

0.
89

 ±
 0

.0
1

0.
89

 ±
 0

.0
1

N
A

N
A

C
al

or
ic

 in
ta

ke
 (

kc
al

 k
g−

1  
h−

1 )
19

.3
 ±

 1
.2

16
.7

 ±
 0

.8
N

A
N

A

V
ol

um
e 

dr
un

k 
(m

l k
g−

1  
h−

1 )
1.

4 
±

 0
.1

1.
2 

±
 0

.1
N

A
N

A

A
ct

iv
ity

 (
co

un
ts

 h
−

1 )
13

4 
±

 1
8

21
0 

±
 1

7*
N

A
N

A

D
at

a 
ar

e 
m

ea
n 

±
 S

E
M

 o
f 

n 
=

 8
–1

0 
m

ic
e 

pe
r 

gr
ou

p.

* P 
<

 0
.0

5,

**
P 

<
 0

.0
1 

co
m

pa
re

d 
w

ith
 m

al
e 

m
ic

e.

N
A

, n
ot

 a
va

ila
bl

e.

J Physiol. Author manuscript; available in PMC 2020 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Camporez et al. Page 29

Ta
b

le
 2

.

B
as

al
 c

ha
ra

ct
er

iz
at

io
n 

of
 m

al
e 

(8
 w

ee
ks

 o
ld

) 
an

d 
fe

m
al

e 
(2

0 
w

ee
ks

 o
ld

) 
m

ic
e 

w
ith

 b
od

y 
w

ei
gh

t-
m

at
ch

ed

R
C

H
F

D

C
ha

ra
ct

er
is

ti
c

M
al

e
F

em
al

e
M

al
e

F
em

al
e

B
od

y 
w

ei
gh

t (
g)

20
.7

 ±
 0

.5
21

.0
 ±

 0
.3

28
.4

 ±
 0

.7
27

.2
 ±

 0
.4

B
od

y 
fa

t (
%

)
5.

7 
±

 0
.2

10
.6

 ±
 1

.1
*

18
.9

 ±
 1

.8
19

.4
 ±

 1
.0

Fa
st

in
g 

in
su

lin
 (

μU
 m

l−
1 )

7.
3 

±
 2

.5
5.

8 
±

 1
.3

17
.6

 ±
 2

.2
9.

2 
±

 1
.5

*

C
la

m
pe

d 
in

su
lin

 (
μU

 m
l−

1 )
45

.9
 ±

 9
.0

42
.9

 ±
 2

.7
47

.0
 ±

 4
.1

45
.5

 ±
 3

.7

G
lu

co
se

 (
m

g 
dl

−
1 )

11
6 

±
 5

.6
11

7 
±

 1
1.

2
16

0 
±

 7
.3

14
3 

±
 6

.8

E
ne

rg
y 

ex
pe

nd
itu

re
 (

kc
al

 k
g−

1  
h−

1 )
16

.3
 ±

 0
.6

17
.3

 ±
 0

.3
N

A
N

A

R
E

R
 

V̇
O 2/V̇

CO
2

0.
90

 ±
 0

.0
1

0.
90

 ±
 0

.0
1

N
A

N
A

C
al

or
ic

 in
ta

ke
 (

kc
al

 k
g−

1  
h−

1 )
21

.3
 ±

 0
.8

22
.0

 ±
 1

.4
N

A
N

A

V
ol

um
e 

dr
un

k 
(m

l k
g−

1  
h−

1 )
1.

5 
±

 0
.2

1.
7 

±
 0

.1
N

A
N

A

A
ct

iv
ity

 (
co

un
ts

 h
−

1 )
26

5 
±

 3
7

29
3 

±
 2

7
N

A
N

A

D
at

a 
ar

e 
m

ea
ns

 ±
 S

E
M

 o
f 

n 
=

 8
–1

0 
m

ic
e 

pe
r 

gr
ou

p.

* P 
<

 0
.0

5 
co

m
pa

re
d 

w
ith

 m
al

e 
m

ic
e.

N
A

, n
ot

 a
va

ila
bl

e.

J Physiol. Author manuscript; available in PMC 2020 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Camporez et al. Page 30

Table 3.

Basal characterization of vehicle and E2-treated male mice

Characteristic Vehicle E2

Body weight (g) 31.6 ± 1.2 30.6 ± 0.6

Body fat (%) 17.6 ± 2.3 8.1 ± 1.4**

Lean mass (g) 20.5 ± 0.5 22.3 ± 0.6*

Plasma testosterone (ng ml−1) 1.25 ± 0.3 1.0 ± 0.3

Fasting insulin (μU ml−1) 14.8 ± 3.0 6.9 ± 1.7*

Clamped insulin (μU ml−1) 46.4 ± 9.4 42.1 ± 4.4

Glucose (mg dl−1) 166.1 ± 14.6 150.4 ± 7.8

Energy expenditure (kcal kg−1 h−1) 14.8 ± 0.6 17.0 ± 0.5*

RER V̇O2
/V̇CO2

0.78 ± 0.005 0.79 ± 0.005

Caloric intake (kcal kg−1 h−1) 16.2 ± 1.4 20.3 ± 1.1*

Volume drunk (ml kg−1 h−1) 1.0 ± 0.1 1.5 ± 0.1*

Activity (counts h−1) 205 ± 23 173 ± 34

Data are means ± SEM of n = 8–10 mice per group.

*
P < 0.05,

**
P < 0.01 compared with vehicle-treated mice.
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