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Introduction
The current obesity epidemic is due to a combination of  genetic susceptibility and availability of  high-fat, 
high-caloric diet (HFD) (1–3). The brain coordinates physiological processes systemically to reduce energy 
intake and increase energy expenditure (EE) in response to HFD feeding to maintain body weight homeo-
stasis (1). The alarming rate of  obesity development during recent decades correlates with rapid economic 
development and availability of  HFD (3), suggesting that the defective response to HFD feeding is one of  
the major reasons for the obesity epidemic. Despite extensive research, the underlying mechanism respon-
sible for the susceptibility to diet-induced obesity (DIO) is not yet clear.

As a major determinant of  body weight, EE largely depends on mitochondrial oxidative metabolism 
and thermogenesis (4), in which nutrient substrates and O2 are required. While nutrient flux and metabo-
lism in key metabolic tissues have been major research focuses (1, 5, 6), a potential direct contribution of  
defective O2 supply to obesity development has largely been neglected. In this regard, a subtle change in 
O2 supply may affect mitochondrial metabolism, which may ultimately lead to a considerable alteration in 
body weight (7). Although changes in blood flow and tissue O2 availability have been studied in the context 
of  obesity, most studies focus on these changes as a consequece of  obesity (8, 9). Whether defective blood 
O2 supply directly contributes to HFD-induced obesity is unknown.

HFD feeding acutely induces EE in both rodents and humans (10). The sympathetic nervous sys-
tem (SNS) plays an important role in mediating the brain action on EE regulation (11). Activation of  the 
SNS mobilizes fat from white adipose tissues and increases the activity of  brown adipose tissues, thereby 

Diet-induced obesity (DIO) represents the major cause for the current obesity epidemic, but 
the mechanism underlying DIO is unclear. β-Adrenergic receptors (β-ARs) play a major role in 
sympathetic nervous system–mediated (SNS-mediated) diet-induced energy expenditure (EE). 
Rbc express abundant β-ARs; however, a potential role for rbc in DIO remains untested. Here, we 
demonstrated that high-fat, high-caloric diet (HFD) feeding increased both EE and blood O2 content, 
and the HFD-induced increases in blood O2 level and in body weight gain were negatively correlated. 
Deficiency of β-ARs in rbc reduced glycolysis and ATP levels, diminished HFD-induced increases 
in both blood O2 content and EE, and resulted in DIO. Importantly, specific activation of cAMP 
signaling in rbc promoted HFD-induced EE and reduced HFD-induced tissue hypoxia independent of 
obesity. Both HFD and pharmacological activation cAMP signaling in rbc led to increased glycolysis 
and ATP levels. These results identify a previously unknown role for rbc β-ARs in mediating the SNS 
action on HFD-induced EE by increasing O2 supply, and they demonstrate that HFD-induced EE is 
limited by blood O2 availability and can be augenmented by increased O2 supply.
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increasing EE (11, 12). Mice lacking all β-adrenergic receptors (β-ARs), also known as β-less mice, exhibit 
great susceptibility to DIO associated with diminished responses in diet-induced EE but with no changes 
in food intake (13), demonstrating a major role for β-ARs in mediating the SNS-mediated diet-induced EE. 
However, given the ubiquitous expression of  β-ARs, it remains unclear which specific tissue(s) contribute to 
β-AR–mediated diet-induced EE and can therefore be targeted for therapeutics against DIO.

HFD-induced obesity is associated with tissue hypoxia (14–18), suggesting a state of  insufficient O2 
supply. However, despite evidence showing that obesity is associated with tissue hypoxia (8, 19, 20), it is 
unknown whether tissue hypoxia occurs prior to and therefore contributes to DIO. However, it is conceiv-
able that insufficient tissue O2 supply may cause insufficient diet-induced EE and contribute to DIO. Rbc 
express abundant β-ARs (21) and therefore may play an important role in mediating SNS action induced by 
HFD feeding. Given the major role of  rbc in blood O2 supply, we hypothesize that rbc respond to HFD-in-
duced SNS activation by providing sufficient blood O2 availability to meet the increased demand for O2 
for HFD-induced EE. Here, we demonstrated that the β-AR–cAMP signaling pathway in rbc were both 
required and sufficient to mediate HFD-induced EE and blood O2 content, and we identified a previously 
unappreciated role for rbc O2 supply in HFD-induced EE and DIO.

Results
Correlation between body weight and blood O2 content. We used an Avoximeter (Avox 1000, ITC Internation-
al) to measure O2 content, saturation (percent of  oxygenated hemoglobin [Hb]) and total Hb. To achieve 
repeatable measurements of  blood O2 levels from conscious, nonstressed animals, we used tail blood — a 
mixture of  venous and arterial blood — since blood O2 content responds rapidly to anesthetics and other 
stressful conditions (22). We found that the O2 content in tail blood was within a range of  8–20 ml/dl, and 
the O2 saturation was within a range of  40%–80%. As expected, EE was higher during the dark period than 
the light period (Supplemental Figure 1A; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.93367DS1). Interestingly, the blood O2 level in the dark period (zeitgeber time 
[ZT] 12–ZT13) was higher (Supplemental Figure 1, B and C), compared with those in the light period 
(ZT5–ZT6). Total Hb was higher in the light period than the dark period (Supplemental Figure 1D), an 
observation that is consistent with a previous report (23). These results show that blood O2 levels correlated 
diurnal changes in EE.

HFD reversibly increased EE and blood O2 content. Mice within the C57BL/6J (C57) strain, despite the 
same genetic background, exhibit differential susceptibility to DIO (24). Interestingly, blood O2 content and 
saturation of  these chow-fed mice were negatively correlated with their body weight (Figure 1A and Supple-
mental Figure 1E) but not with either daily food intake (Supplemental Figure 1F) or Hb (data not shown). 
To examine the effect of  HFD feeding, we measured EE, first on chow and then switched to HFD, each for 
3 days (Figure 1B). EE was significantly increased in HFD compared with chow (Supplemental Figure 1, 
G and H). Blood O2 content was also increased (Figure 1C). Interestingly, in response to HFD, rbc isolated 
from these mice showed an increase in both cAMP (Supplemental Figure 1I) and ATP (Supplemental Figure 
1J) as well as a significant reduction in the ratio of  glucose-6-phosphate(fructose-6-phophate)/lactate (Sup-
plemental Figure 1K), an indicator of  increased glucose metabolism. These changes are consistent with the 
notion that HFD feeding increases the SNS activity, leading to β-AR activation in rbc, thereby promoting 
glucose metabolism and increasing ATP levels. HFD failed to cause a change in 2,3-diphosphoglycerate 
(2,3-DPG, Supplemental Figure 1L) or P50 (Supplemental Figure 1M), known indicators for O2-Hb affinity, 
suggesting that the increased O2 content is unlikely due to a change in O2-Hb affinity.

To examine whether the effect of  HFD feeding on blood O2 content persists, C57 male mice were fed 
HFD from 8–18 weeks of  age and then randomly divided into two groups: one continuously fed HFD and the 
other switched back to chow diet. We measured EE during the diet switch (Figure 1D). While no difference 
in EE was noticed before the diet switch, mice that were switched to chow showed significantly lower EE 
compared with those continuously fed HFD (Figure 1E). Interestingly, blood O2 content was also reduced in 
mice that were switched to chow (Figure 1F). These results indicate that the effect of  HFD feeding on EE and 
blood O2 content is stable up to at least 10 weeks of  HFD feeding but reverts when the animals are switched 
back to a normal chow diet. We monitored changes in body weight and O2 content in C57 mice before and 
after an 8-week HFD feeding regimen (Figure 1G) and found a significantly negative correlation between 
HFD-induced body weight gain and HFD-induced increases in O2 content (Figure 1H). These results strongly 
support the notion that increased blood O2 availability contributes to HFD-induced EE.
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To examine whether similar responses to HFD also exist in FVB mice, we measured body weight 
and O2 responses to HFD in these mice. We found a significant negative correlation between body weight 
and O2 content (Supplemental Figure 2A) and, in response to HFD, significant increases in rbc of  cAMP 
(Supplemental Figure 2B), ATP (Supplemental Figure 2C), and glucose-6-p(fructose-6-p)/lactate (Supple-
mental Figure 2D) in FVB mice. In addition, there was also a significant negative correlation between net 
increases in O2 content and net increases in body weight in response to HFD (Supplemental Figure 2E). 
These data suggest that the HFD effect on O2 content and blood cAMP, glucose metabolism, and the poten-
tial impact on body weight changes is not specific to C57 mice, but rather holds true across animal strains.

Activation of  β-ARs increased both EE and O2 content. Activation of  β-ARs by the nonselective β-AR ago-
nist, isoproterenol (Iso), increased O2 consumption in WT but not β-less mice, both on the FVB background 
(Figure 2A). Iso also increased blood O2 content (Figure 2B) and saturation (Figure 2C) in WT mice, but it 
had no effects on either in β-less mice (Figure 2, B and C). The increases were not due to a change in the Hb 
amount because Iso had no effects on Hb levels in either group (Supplemental Figure 3A). The increased 
O2 content in WT mice was not due to less O2 usage because O2 consumption in these mice was increased 
rather than reduced (Figure 2A), suggesting an increased O2 loading to blood. Notably, β-less mice had 

Figure 1. HFD feeding reversibly increases energy expenditure and blood O2 content. (A) Correlation between blood O2 content and body weight measured 
in a cohort of C57 male mice (9–10 weeks old, n = 18). (B and C) Energy expenditure (B) and blood O2 content in a cohort of C57 male mice during chow 
high-fat, high-sucrose diet (HFD) transition (n = 10/group). (D–F) O2 consumption measured a cohort of C57 male mice first fed HFD from 8–18 weeks of 
age. Then, half of the mice were switched to chow and the other were kept on HFD. O2 consumption was measured during diet switch (D), and comparisons 
in O2 consumption (E) and O2 contents (F) 3 days before and 1 week after diet switch (n = 6/group) were measured. (G and H) A diagram showing the pro-
cedure for O2 content and body weight measurements in a cohort of C57 males reared on chow (9–10 weeks old, n = 17) and then fed HFD for 8 weeks (G), 
and correlation between net increases in body weight and those in blood O2 content by Parson’s correlation tests (H). L, light period; D, dark period. Dashed 
lines in B and G indicate dark periods. All data are presented as mean ± SEM; *P < 0.05, **P < 0.01 by paired student’s t tests (C), unpaired student’s t 
tests (F), or 2 way ANOVA tests with Tukey post-hoc analysis (E).
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much higher rbc numbers (Supplemental Figure 3B) and mean corpuscular Hb levels (Supplemental Figure 
3C). Rbc from β-less mice had significantly lower cAMP (Supplemental Figure 3D), consistent with loss 
of  β-AR function. In addition, they had an increased ratio of  glucose-6-phosphate(fructose-6-phosphate)/
lactate (Supplemental Figure 3E), indicating reduced glucose metabolism. There was no obvious difference 
in 2,3-DPG (Supplemental Figure 3F) or P50 (Supplemental Figure 3G) between β-less mice and controls, 
suggesting no major changes in Hb-O2 affinity in β-less mice. Given the known role of  β-ARs in early tissue 
development and vasodilation (13, 25), the increased rbc number and Hb level may reflect a compensatory 
response to reduced O2 availability and hypoxia in metabolic tissues of  β-less mice.

Rbc β-ARs are required for HFD-induced EE and increases in O2 content. To examine the role of  β-ARs in 
rbc, we performed BM transplantation (BMT) to replace BM of  control mice with that of  β-less mice 
(K→W mice). These mice were used as a model of  selective β-AR KO in hematopoietic cells. BMT 
between controls (W→W) and between β-less mice (K→K) was used as a control. cAMP was signifi-
cantly reduced in rbc isolated from the K→W group, compared with the W→W group, and were com-
parable in the K→K group (Supplemental Figure 4A), suggesting successful BMT and the importance 
of  rbc β-ARs in the regulation of  rbc intracellular cAMP levels.

β-Less mice develop massive obesity on HFD but exhibit normal body weight on a chow diet (13). There-
fore, we focused on body weight responses to HFD feeding. Four weeks after BMT (to allow full reconstitu-
tion of  the hematopoietic system with BM-derived cells), all mice were switched to HFD. Within 3 weeks on 
HFD, compared with W→W mice, K→W mice significantly increased their body weight to a level compara-
ble with K→K mice (Figure 2D). The increased body weight was associated with increased fat accumulation 
but with no changes in lean mass (Supplemental Figure 4, B and C), indicating obesity development. As 

Figure 2. Rbc β-ARs are required for 
HFD-induced EE and increases in O2 
content. Male β-less mice (i.e., lacking 
all 3 β-adrenergic receptors) on the FVB 
background and WT FVB mice with similar 
ages were used for this study. (A–C) Eight- 
to 10-week-old control and β-less male 
mice (n = 6–9/group) received s.c. injection 
of saline or isopreteneronol (Iso) (1 mg/kg, 
bw), and O2 consumption (A), changes in 
blood O2 content (B), and changes in O2 sat-
uration (C) were measured within 3.5 hrs of 
drug administration. (D–K) BM transplanta-
tion (BMT) was performed by injecting BM 
from β-less mice to lethal dose–irradiated 
controls (K→W mice) or to β-less mice 
(K→K) or by injecting BM from controls 
to lethal dose–irradiated controls (W→W 
mice). All mice used were young males 
(12–16 weeks of age, n = 5–6/group) and 
measured for weekly body weight (D), O2 
consumption (E), food intake (F), changes 
in blood O2 contents (G), changes in O2 sat-
uration (H), and total Hb (I) 3 days before 
and 5 weeks after HFD. (J and K) Measure-
ments of rbc ATP (J) and 2,3-DPG (K) in the 
indicated 3 groups of mice 5 weeks after 
HFD (n = 8–10/group). The data presented 
in J and K were samples combined from 2 
BMT experiments. All data are presented 
as mean ± SEM; *P < 0.05, ***P < 0.005 
by 2-way ANOVA tests in A and D–F; 1-way 
ANOVA tests in G and H; and unpaired Stu-
dent’s t tests in B and C and J and K.
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expected, like β-less mice, K→K mice showed greatly reduced EE (Figure 2E). Interestingly, compared with 
W→W mice, K→W mice showed markedly reduced EE when the data were normalized by body weight 
(Figure 2E) or analyzed per animal (Supplemental Figure 4D). Surprisingly, unlike previous results showing 
β-less mice had a normal feeding level, K→K mice had a much reduced feeding level on HFD (Figure 2F). 
The reduced food intake in K→K mice was not due to a secondary effect of  BMT, since naive β-less mice 
also exhibited reduced feeding associated with much reduced EE and mild obesity on HFD (data not shown), 
similar to K→K mice, as opposed to massive DIO demonstrated previously (13). The reason underlying this 

Figure 3. Activation of Gs signaling in rbc increases HFD-induced EE and blood O2 content. (A and B) EpoR-Cre expression pattern shown by tdTomato 
(red fluorescence) in EpoR-Cre Ai9 reporter mice in blood cells (A) and brain tissues (B). Note that in A, all reporter-positive Cre-expressing blood cells 
(white arrows) were negative for DAPI (blue arrows), a marker for nuclei, suggesting rbc; in B, the Cre-expressing structures (white arrows) in the brain were 
confined in blood vessels as marked by IB4 expression (green), suggesting rbc trapped in blood vessels. (C and D) Acute effects of CNO injection in mice on 
chow. Rbc-GsD mice and littermate controls (8–10 weeks of age, males, n = 4–8/group) were i.p. injected with saline and CNO (1 mg/kg, bw) as indicated and 
were measured for O2 consumption (C) and O2 saturation (D). (E and F) Acute effects of CNO injections in mice on HFD. Rbc-Gs mice and littermate controls 
(8–10 weeks of age, males, n = 5–6) fed HFD and were measured for O2 consumption (E) and O2 saturation (F). (G and H) Levels of glucose-6-p(fructose-6-p)/
lactate (G) and ATP (H) in rbc 50 min after receiving i.p. CNO (1 mg/kg, bw) from a cohort of control and RBD-GsD mice fed HFD for 2 weeks (n = 4–5/group). 
Rbc-GsD, EpoR-Cre::Rosa26-LSL-Gs-DREADD. Scale bar: 50 μM. Dashed lines in E indicates dark periods. All data presented as mean ± SEM; *P < 0.05, #P = 
0.06 by unpaired Student’s t tests.
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difference is unknown but might be due to different genetic backgrounds. The β-less mice previously reported 
were on a mixed C57 and 129 background, while the current animals were derived from back-crossing to 
generate the mice on a pure FVB background. Nonetheless, K→K mice had no difference in locomotor activ-
ity (Supplemental Figure 4E) or respiration exchange ratio (RER) (Supplemental Figure 4F) compared with 
W→W mice. Thus, DIO in K→K mice was a result of  combined effects of  reduced feeding and EE, while 
that in K→W mice was solely due to reduced EE. These results suggest that rbc account for an important part 
of  HFD-induced EE mediated by β-ARs.

To examine whether loss of  β-ARs in rbc, the major component of  BM-derived cells, were responsible 
for the blunted diet-induced EE in K→W mice, we measured blood O2 content before and after HFD feed-
ing. HFD induced a significant increase in both blood O2 content (Figure 2G) and saturation in W→W 
mice, but it failed to do so in K→W mice (Figure 2H), confirming that β-ARs in rbc are required for 
HFD-induced increases in O2 levels. These changes in O2 content were not due to a change in total Hb 
amounts (Figure 2I). Rbc from K→W mice showed lower ATP levels (Figure 2J) but no difference in 
2,3-DPG levels (Figure 2K) compared with W→W mice, suggesting that changes in blood O2 content by 
deficient rbc β-ARs are not due to a change in Hb-O2 affinity, but rather are associated with reduced ATP 
levels. These results demonstrate that β-ARs in rbc are required for the brain to promote diet-induced EE 
through increasing blood O2 content via SNS-mediated activation of  rbc.

Activation of  cAMP signaling in rbc increases HFD-induced EE and blood O2 content. To test the function of  
β-AR signaling in rbc, we generated mice with inducible rbc-specific activation of  Gs-cAMP signaling, 
known to be one of  the major downstream signals of  β-ARs. We crossed a new strain of  ROSA26-LSL-Gs-
DREADD mice, which allow Cre recombinase–sensitive expression of  a Gs-selective designer receptors 
exclusively activated by designer drugs (DREADD), with erythropoietin receptor–Cre (EpoR-Cre) mice 
to generate EpoR-Cre::ROSA26-LSL-Gs-DREADD (rbc-GsD) mice. DREADDs are mutated muscarinic 
GPCRs with selectivity for individual G protein effector pathways (Gs, Gi, or Gq) and only respond to the 
otherwise inert ligand clozapine N-oxide (CNO) (26). ROSA26-LSL-Gs-DREADD animals enable tem-
poral control of  cAMP signaling in selective cell types using cell type–specific Cre drivers (27). EpoR-Cre 

Figure 4. Activation of rbc-Gs signaling resulted in increased HFD-induced energy expenditure. Rbc-GsD mice and litter-
mate controls (8–10 weeks of age, males, n = 5–6/group) were fed HFD for 10 weeks and received daily i.p. injections of CNO 
(1 mg/kg, bw, 10:00 and 17:00) for 2 weeks while continuously fed HFD. (A) O2 consumption measured for the first 4 days on 
CNO administration. (B and C) Responses in O2 consumption to CNO (B), changes in body weight (C), and daily feeding (D) in 
these mice were measured. Rbc-GsD, EpoR-Cre::Rosa26-LSL-Gs-DREADD. Dashed lines in A indicate dark periods. All data 
are presented as mean ± SEM; *P < 0.05 by unpaired Student’s t tests (D) or 2-way ANOVA with Tukey post-hoc analysis (B).
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mice were used to achieve rbc-specific expression of  Cre (28, 29). To verify an EpoR-Cre expression pat-
tern, we crossed EpoR-Cre mice with ROSA26-LSL-tdTomato (Ai9) Cre reporter mice (30). The expres-
sion of  tdTomato reporter was detected in DAPI– cells, but not in DAPI+ cells, in a whole blood preparation 
(Figure 3A), suggesting a specific Cre-expression pattern in enucleated rbc. We also detected EpoR-Cre–
driven tdTomato reporter expression in the spleen, liver, and brain. The structures that were tdTomato+ 
were confined in blood vessels marked by the expression of  isolectin B4 (IB4) in the brain (Figure 3B, 
arrows), as well as in liver and spleen (Supplemental Figure 5A), suggesting that the tdTomato+ cells were 
rbc trapped in vessels. Supporting this, these reporter-positive structures were negative for DAPI (data not 
shown). These results suggest rbc-specific expression of  EpoR-Cre.

We first tested the effect on mice fed chow. Injections of  CNO to chow-fed adult rbc-GsD mice had 
no discernible effects on EE, compared with saline injection (Figure 3C). Similarly, CNO had no sig-
nificant effect on blood O2 saturation, although there was a trend toward an increase in rbc-GsD mice 
(Figure 3D). We then tested the effects of  rbc-Gs signaling under HFD conditions. After 2 weeks of  HFD 
feeding, a single injection of  CNO into rbc-GsD mice dramatically increased EE, compared with saline 
injections, whereas CNO had no effect in littermate controls that do not express GsD in rbc (Figure 3E). 
Interestingly, while CNO had no effect on blood O2 content in controls, it significantly increased blood O2 
saturation in rbc-GsD mice (Figure 3F). Of  note, CNO treatments led to no changes in locomotion of  rbc-
GsD animals (Supplemental Figure 5B) in either chow or HFD conditions, suggesting that the response in 
EE is not due to a change in activity. Notably, CNO treatment caused a significant reduction in the ratio 

Figure 5. Activation of rbc-Gs signaling reduced tissue hypoxia induced by HFD. Rbc-GsD mice and littermate controls (8–10 weeks of age, males, n = 5–6/
group) were fed HFD for 10 weeks and received daily i.p. injections of CNO (1 mg/kg, bw, 10:00 and 17:00) for 2 weeks while continuously fed HFD. (A–C) 
Hypoxia was measured in adipose tissues of chow-fed controls (A), HFD-fed rbc-GsD mice treated with saline (B), and HFD-fed rbc-GsD mice treated with 
CNO (C). (D) Expression levels of Hif1α mRNA expression by qPCR from adipose tissues of the indicated genotypes. (E and F) Results from a blood count 
of white blood cells (E) and eosinophil (F) after HFD. (G) A diagram depicting a change from an old view to a new view on physiological pathways engaged 
in responses to HFD, with emphasis on the role of rbc. Activation of SNS by HFD leads to a coordinated activation of metabolic tissues and rbc, which then 
meet the higher demand for more O2 in metabolic tissues to promote sufficient diet-induced energy expenditure for normal body weight homeostasis. Rbc-
GsD, EpoR-Cre::Rosa26-LSL-Gs-DREADD. Scale bars: 100 μm. All data are presented as mean ± SEM; *P < 0.05, **P < 0.01 by 1-way ANOVA.
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of  glucose-6-phosphate(fructose-6-phosphate)/lactate (Figure 3G). Expectedly, as a result of  increased 
glucose metabolism, ATP levels were also increased by CNO (Figure 3H). Thus, activation of  Gs-cAMP 
signaling in rbc increases EE and blood O2 content in mice fed HFD but not chow.

We then fed adult rbc-GsD mice HFD for 8 weeks to induce obesity. The obese GsD and littermate 
control mice were then continuously fed HFD and received daily CNO for another 2 weeks. Interest-
ingly, while saline had no effects on EE, CNO immediately increases EE in rbc-GsD mice (Figure 4, 
A and B). Surprisingly, 2-week CNO treatment caused no significant changes in body weight, although 
there was a trend toward a greater reduction in body weight compared with their control mice (Figure 
4C). Notably, chronic CNO treatment gradually stimulated food intake in rbc-GsD mice and became 
significant after 4 days of  CNO injections (Figure 4D), suggesting that the increased feeding may be 
due to a compensatory response to CNO-induced EE stimulation.

Activation of  cAMP signaling in rbc reduced HFD-induced tissue hypoxia. We then tested the impact of  rbc-
GsD signaling on tissue hypoxia by examining tissue oxygenation. As expected, compared with chow 
mice (Figure 5A), the adipose tissues of  saline-treated HFD-fed mice exhibited a higher level of  hypoxia 
(Figure 5B), which was reversed in CNO-treated HFD-fed mice (Figure 5C). In line with this, the expres-
sion of  Hif1α mRNA, known to be induced by hypoxia, was higher in HFD-fed mice compared with 
chow fed mice. Hif1α expression was also reversed by CNO treatment in the HFD-fed rbc-GsD mice 
(Figure 5D). Importantly, chronic CNO treatment in rbc-GsD mice led to no significant changes in rbc 
number (Supplemental Figure 6A) or Hb levels (Supplemental Figure 6B), but it led to a dramatic rever-
sal of  white blood cell (Figure 5E) and eosinophil accumulation (Figure 5F) in response to HFD. Given 
the known correlation between inflammation and hypoxia (15, 18), the reduction in circulating leukocyte 
numbers is consistent with the improved tissue oxygenation triggered by CNO-GsD signaling in rbc. 
These findings indicate that activation of  Gs-cAMP signaling in rbc is sufficient to reverse HFD-induced 
hypoxia independent of  obesity.

Discussion
The current obesity epidemic is correlated with the availability of  HFD, suggesting DIO as a major 
drive of  obesity. Thus, insights on defective responses to HFD are essential to identify effective ther-
apeutic targets against obesity. Prevalent studies in this direction mainly focus on nutrient surplus or 
partitioning in key metabolic tissues (1, 5, 6). Our data showed that HFD feeding increased cAMP, 
glycolysis, and ATP in rbc; raised blood O2 level; and increased diet-induced EE, revealing — to our 
knowledge — a novel mechanism involving SNS→ rbc→ O2 supply as part of  the pathway underlying 
HFD-induced EE. These results establish that rbc-mediated blood O2 supply plays an active role in aug-
menting diet-induced EE, thereby reducing susceptibility to DIO. This new finding provides an insight 
that blood O2 supply actively participates in DIO, which is fundamentally distinct from the conventional 
view that tissue hypoxia is secondary to obesity (15, 18). We also identified rbc β-AR expression as a 
direct downstream target of  HFD-activated SNS, raising an interesting possibility to use rbc as a ther-
apeutic target for obesity prevention and treatment. It is conceivable that the same pathway may also 
operate in other conditions that demand higher levels of  metabolism, such as exercise (31).

Defective HFD-induced EE is one major cause for DIO; however, how HFD affects EE remains unclear. 
Although acute HFD is known to increase EE (10, 18, 32, 33), the effect of  long-term HFD remains con-
troversial (34) but is thought to reduce EE (35, 36). Our results demonstrated that long-term HFD rather 
increased EE, which was accompanied by increased O2 content. Notably, we compared EE between mice 
during the transition HFD feeding with comparable body weight, eliminating potential secondary effects 
of  obesity, which is known to complicate analysis of  EE comparison (37). Supporting its role in increasing 
EE, long-term HFD induces sustained SNS and mitochondrial activities (38, 39). Interestingly, on a chow 
diet, activation of  Gs-cAMP signaling in rbc induced a trend for an increase in blood O2 level but had no 
effects on EE. This result suggests that increasing O2 availability alone is not sufficient to increase EE. 
SNS activation by HFD increased both blood O2 level and a demand for a higher level of  mitochondrial 
activities in metabolic tissues, through β-ARs in rbc and metabolic tissues, respectively. The selective effect 
of  activation of  rbc-Gs–cAMP in increasing EE on HFD but not chow suggests that SNS-induced EE 
by HFD is limited by O2 availability and can be augmented by increased O2 availability. Collectively, our 
results support a model that HFD activation of  SNS engages both rbc and metabolic tissues, and initiates a 
coordinated response to promote diet-induced EE. A defective response to HFD in rbc to provide sufficient 
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O2 supply leads to tissue hypoxia and, therefore, comprises diet-induced EE (i.e., increased but not to a 
sufficient extent to offset the increased energy intake associated with HFD), leading to DIO (Figure 5G).

Despite the established role for macrophages in EE (40, 41), it is unlikely that those cells contribute 
to reduced DIO in K→W mice in which β-ARs were lost in all blood cells. Macrophages rely on IL4 
activation and release catecholamines to local fat tissues and in our in K→W mice, and β-ARs remained 
intact in fat tissues in our K→W mice. In addition, IL4 appears to have a major effect on cold tolerance 
but not diet induced obesity (40). HFD is not associated with IL4 changes (42), ruling out potential 
involvement of  an IL4-mediated pathway in HFD-induced EE. Notably, a new study suggests a mini-
mal role for macrophages in HFD-induced EE. Finally, our data on specific activation of  Gs signaling 
in rbc, but not in any other blood cells, increases diet-induced EE. This was associated with reduced 
immune cells including eosinophil cells, strongly arguing against a role for macrophage involvement in 
increasing HFD-induced EE.

Our data on rbc metabolites suggest a pathway comprising HFD-induced activation of  SNS → β-ARs 
→ Gs-cAMP signaling → increased glycolysis→ increased ATP. Although the exact mechanism underlying 
the improved blood O2 supply remains unknown, the increased ATP levels may contribute significantly. 
Rbc ATP release increases vasodilation (43–45), which may increase O2 loading in the lung and unloading 
in metabolic tissues (44–46). Notably, activation of  β-ARs in rbc improves membrane deformation (43, 47, 
48) and therefore increases infiltration of  rbc within metabolic tissues. Neither 2,3-DPG nor P50 were sig-
nificantly altered by deficiency of  β-ARs or HFD, suggesting that HFD-induced increases in O2 availability 
do not involve changes in O2-Hb affinity.

Activation of  rbc-Gs–cAMP signaling greatly reduced hypoxia, which was not due to reduced usage 
of  O2 because Gs-cAMP signaling instead increases diet-induced EE. Thus, the reversal of  hypoxia was 
caused by increased blood O2 availability. Consistent with reduced hypoxia, activation of  rbc-Gs signaling 
reversed DIO-induced increases in WBCs and eosinophil, which are known to be associated with inflam-
mation and tissue hypoxia (15). These results suggest a role for SNS activation of  rbc in alleviating HFD-in-
duced tissue hypoxia. Thus, meeting the demand for more O2 in metabolic tissues during DIO is an effec-
tive strategy to improve metabolic dysfunctions associated with DIO.

In summary, we identified a previously unappreciated role for β-ARs in rbc in mediating SNS action 
on HFD-induced EE by meeting the demand for more O2 availability during HFD and reducing hypoxia. 
Given the current obesity epidemic and lack of  effective treatment choices against obesity complications, 
our findings provide potential alternative strategies to reduce DIO by activating diet-induced EE through 
increasing rbc O2 delivery.

Methods
Animal care. Mice were housed at 21ºC–22ºC with a 12-hour light/12-hour dark cycle with water and food 
provided ad libitum, standard mouse chow (Teklad F6 Rodent Diet 8664; 4.05 kcal/g, 3.3 kcal/g metab-
olizable energy, 12.5% kcal from fat; Harlan Teklad) or HFD (D12331, Research Diets). C57BL/6J and 
FVB mice were purchased from The Jackson Laboratory, and breeding pairs were maintained to generate 
study subjects. Mice lacking all 3 β-ARs (β-less) were on FVB background and provided by Bradford Lowell 
of  Harvard Medical School (Boston, Massachusetts, USA) (13). Conditional Gs-DREADD mice (27) and 
EpoR-Cre mice (28, 29) were obtained from Rebecca Berdeaux and Yang Xia of  the University of  Texas 
Medical School at Houston. The mice were crossed to generate rbc-GsD. All mice used were heterozygous 
for Gs-DREADD. All study subjects are littermates. To validate EpoR-Cre expression, EpoR-Cre mice were 
crossed with Ai9 mice (The Jackson Laboratory) to generate EpoR-Cre::Ai9 mice, in which Cre expression 
can be directly visualized by tdTomato, a variant red fluorescence protein (RFP), under fluorescent micro-
scopes (30). Female mice are known to develop limited obesity in response to HFD and exhibit estrous 
cycles, which may produce profound changes in O2 content. Thus, this study primarily focused on males.

BMT. BMT experiments were performed as previously described (49). Briefly, BM cells were har-
vested from male WT and β-less donor mice by gently flushing their femurs using syringe (26 G needle) 
with RPMI 1640 medium (GIBCO). After purification, rbc were removed using the rbc lysis buffer (150 
mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA). Cells were centrifuged and resuspended in Dulbecco’s 
Phosphate Buffered Saline (DPBS, HyClone, SH30028.02). BM cells were counted and prepared in the 
concentration of  25 × 106cells/ml in DPBS. WT recipient mice were then lethally irradiated (950 rad) 
and immediately injected with either WT (W→W, K→W) or β-less (K→K) donor cells (5 × 106 cells in 
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0.2 ml) through tail vein injections. Mice were single housed and recovered for 4 weeks to reconstitute 
BM of  donors. Then, they were switched to HFD and maintained on HFD for 5 weeks. Food intake and 
body weight were monitored weekly.

Metabolic rate by CLAMS. O2 consumption, CO2 production, RER or locomotor activity levels were 
measured using indirect calorimetry. Mice at the age of  8–18 weeks old were individually housed at room 
temperature (21ºC–22ºC) in chambers of  a Comprehensive Lab Animal Monitoring System (CLAMS, 
Columbus Instruments). Food and water were provided ad libitum. Mice were acclimatized in the cham-
bers for at least 2 days prior to data collection. For Iso effects on EE, groups of  control FVB and β-less male 
mice with comparable age and body weight were placed in the chamber. On day 3, both groups of  mice 
received a single s.c. injection of  saline at 12:00 hours, and on the following day (day 4), they received Iso 
(1 mg/kg, body weight [bw]) at the same time when they received saline injections on the previous day. O2 
consumption was monitored for the ensuing 3 hours and averaged. The averaged O2 consumption levels 
were compared between saline and Iso treatments in each genotype. For the studies for the correlation 
between O2 consumption and blood O2 contents during day and night periods, after 2 days of  acclimation 
time, mice were measured for O2 consumption for 24 hours. Low and high levels of  O2 consumption were 
observed at ZT5–ZT6 and ZT12–ZT13, respectively. For BMT groups, after a period of  4 weeks allowed 
for full blood reconstitution, they were on HFD feeding for at least 5 weeks. EE was measured using 
CLAMS as described above. For the rbc-Gs signaling study group, rbc-GsD mice and their control mice 
were fed HFD for 8 weeks to develop DIO. Mice were placed to CLAMS chambers as described above. 
They received daily i.p. CNO (Tocris Bioscience, 1 mg/kg, bw).

Blood O2 level measurements. Samples of  mixed arterial and vein blood were collected from tails using a 
capillary collection device (ITC International) as previously reported (50). Blood samples were transferred 
to cuvettes (ITC International) immediately, and the levels of  O2 contents, O2-Hb, and total Hb were mea-
sured using whole blood oximeter (Avoximeter 1000E, ITC International). O2-Hb indicates the percent of  
O2 binding to total Hb. Non–O2-Hb levels were derived based on actual measurement of  O2-Hb levels. A 
volume of  50 μl blood was sufficient for each measurement. For measurements in control and β-less mice, 
each genotype (8–10 weeks of  age) was divided into two groups, and each received either a single s.c. of  
saline or Iso (1 mg/kg, bw). Blood samples were collected 3.5 hours after injections. Food was removed 
during the testing period to avoid potential confounding effects from feeding. For the measurement in day 
and night periods, male FVB at the age of  8–10 weeks old with food ad libitum were sampled twice for tail 
blood at light (ZT5–ZT6) and night (ZT12–ZT13) period. For BMT mice, O2 content, O2-Hb, and total Hb 
were measured 1 week before BMT and after 5 weeks of  feeding on HFD after BMT. For the rbc activation 
study, O2 content, O2-Hb, and total Hb were measured on chow from rbc-GsD and their control group. 
After 2 weeks of  HFD, both groups of  mice received saline or i.p. CNO (1 mg/kg, bw), and 50 minutes 
later, blood O2 contents were measured as described above.

Correlation between blood O2 levels and body weight. Age-matched C57BL/6J male mice (9–10 weeks old) 
were measured for body weight, O2 content, and average food intake over 4 days. Potential correlations 
between O2 content and body weight or food intake were analyzed using Pearson’s correlation tests. A 
separate cohort of  the same mice were used and switched to HFD (D12331, Research Diets, 58 kcal% fat 
w/sucrose) and maintained on HFD for 8 weeks. Body weight, food intake, and O2 content were measured 
before and 8 weeks after the switch to HFD.

Chemical assays. Tail blood samples were collected in heparinized tubes from BMT mice fed with HFD 
for at least 5 weeks and stored at –80ºC until erythrocyte ATP and cAMP measurements were made. Brief-
ly, for rbc ATP, 10 μl rbc was added to 190μl 0.6 M cold perchloric acid on ice, vortexed, and centrifuged 
at 20,000 g for 10 minutes at 4ºC. Supernatant (100 μl) was transferred to a new tube and neutralized with 
25 μl 0.6 M KHCO3/0.72 M KOH. Finally, the sample was centrifuged at 20,000 g for 5 minutes, and the 
supernatant was subjected to bioluminescence assay (Sigma-Aldrich, FL-AA). For 2,3-DPG measurement, 
10 μl rbc were added to 50 μl 0.6 M cold perchloric acid on ice, vortexed, and centrifuged at 20,000 g for 10 
minutes at 4ºC. Supernatant (40 μl) was transferred to a new tube and neutralized with 5 μl 2.5 M K2CO3. 
Finally, the sample was centrifuged at 20,000 g for 10 minutes, and the supernatant was subjected to 2,3-
BPG assay (Roche Diagnostics). For cAMP measurement using ELISA kits, rbc were lysed and centrifuged 
at 15,000 g for 10 minutes at 4ºC. Supernatant was transferred to a new tube and followed manufacturer 
instruction of  commercial ELISA kit (Enzo Life Sciences,ADI-900-163). The values were normalized to 
total protein concentration. For rbc cAMP and ATP levels in FVB WT and β-less mice — along with 
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lactate and glucose-6-phosphate(fructose-6-phophate)/lactate levels in rbc-GsD mice — tail blood was col-
lected in a heparinated tube 50 minutes after i.p. injection of  CNO (1 mg/kg/bw) or saline both rbc-GsD 
and their littermate controls. Cells were counted after washing 3 times with 1× PBS through cycle of  cen-
trifugation-resuspension. Rbc were harvested at 5.6 × 106 cells per individual sample and kept in a –80ºC 
freezer until metabolomics analysis.

For the metabolomics analysis, rbc number at 5.6 × 106 cells per sample was used, and the concentra-
tions of  ATP, cAMP, glucose-(fructose-)6-phosphate, and 2,3-DGP were determined by the Metabolomics 
Core at Baylor College of  Medicine by Feng Li as described previously (51).

IHC. Blood was collected from a tail in heparinated tube and incubated with DAPI (PN 320858, 
RNAscope Reagent kit, Advanced Cell Diagnostics) for 1 minute. The samples were observed and imag-
es were taken using a Nikon Eclipse TE2000E Widefield Fluorescence Microscope.

Brain, liver, and spleen tissues of  EpoR-Cre mice crossed with Ai9 mice were collected after cardiac 
perfusion with 4% paraformaldehyde. After overnight postfixation, sections were made using cryostat 
(Leica, CM1850). The liver and spleen sections were processed for antigen retrieval, followed by incuba-
tion with 0.3% Tween 20 for 30 minutes. All sections of  brain, liver, and spleen were incubated with Sea 
blocking buffer (Thermo Fisher Scientific, 37527) for 30 minutes followed by blocking with streptavidin 
(Vector Laboratories, SP-2002) and biotin for 30 minutes, respectively. Griffonia simplicifolia lectin 1 
IB4 (GSL1-IB4) was diluted at 1:100 concentration and used for the sections overnight at 4ºC. After 
being rinsed 3× with 1× PBS, sections were visualized with Alexa Fluor 488 streptavidin (Thermo Fisher 
Scientific, S32354) diluted at a 1:200 concentration. The signal was captured and imaged using Nikon 
Eclipse TE2000E Widefield Fluorescence Microscope.

Rbc-GsD mice and their littermate control mice were on HFD for 8 weeks. When they developed DIO, 
both groups of  mice were on daily i.p. injection of  CNO (1 mg/kg, bw, 10:00 and 17:00 for 2 weeks. Mice 
were received pimonidazole (hypoxyprobe-1, 80mg/kg, bw; Chemicon International,  HP2-100), and 45 
minutes later, s.c. adipose tissues were collected for immunostaining. Tissues were fixed in 10% normal 
formalin buffer, processed, and then paraffin embedded. Deparaffinized sections were incubated with 10% 
of  BSA for 1 hour, followed by incubation with anti-pimonidazole conjugated with FITC (monoclonal, 
1:100) for 1 hour. After being rinsed 3× with 1× PBS, sections were further incubated with anti–FITC-HRP 
(Chemicon International, catalog HP2-100) (1:00) for 1 hour to amplify signals. The staining was visual-
ized using DAB system (Vector Laboratories, SK-4105) and then counterstained with hematoxylin. Images 
were obtained using upright Axiocam 506 color camera (Zeiss Axio Scope).

mRNA quantification by quantitative PCR (qPCR). s.c. adipose tissues were quickly collected and frozen. 
Total RNA was isolated using Trizol (Invitrogen) and RNeasy Mini kit (QIAGEN) by following compa-
ny instruction. After qualifying and quantifying the total RNA using NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific), cDNA was prepared with 1 μg of  the RNA. qPCR was performed using CFX96 
Real-Rime System (Bio-Rad). The following primer sequences were used for the assessment of  gene expres-
sion levels: HIF1-α (forward, 5′ - ACCTTCATCGGAAACTCCAAAG - 3′; reverse, 5′ - ACTGTTAGGCT-
CAGGTGAACT - 3′) and GAPDH as internal control (forward, 5′ - AGGTCGGTGTGAACGGATTTG 
- 3′; reverse, 5′ - TGTAGACCATGTAGTTGAGGTCA - 3′). Data were analyzed using ΔΔCt method, and 
the mRNA expression levels between groups were compared in fold changes.

Statistics. Data represent means ± SEM. Statistical analysis was performed using GraphPad Prism. Sta-
tistical significance among the groups was tested using 2-tailed Student’s t test or ANOVA tests. Correlation 
was analyzed by Pearson correlation coefficient. Statistical significance was defined as P < 0.05.

Study approval. Animal care and procedures were approved by the University of  Texas Health Science 
Center at Houston IACUC.
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