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Limiting inflammation in obesity 

Obese individuals have increased amounts of inflammatory cytokines in the circulation, which are 

produced by adipose tissue macrophages (ATMs). Velmurugan et al. found that ATMs from obese 

mice had decreased amounts of the gaseous signaling molecule hydrogen sulfide (H2S) than did ATMs 

from lean mice. ATMs from obese mice had enhanced store-operated calcium entry and produced 

more proinflammatory cytokines. Treatment of macrophages with the bacterial product 

lipopolysaccharide also decreased H2S concentrations and increased inflammatory cytokine 

production. Knockdown experiments showed that H2S inhibited the channel protein Orai3 to reduce 

calcium entry into macrophages. Together, these data suggest that inflammatory stimuli lead to the 

depletion of H2S in adipose tissue, which exacerbates inflammatory responses by resident ATMs. 

 
Abstract 

The increased production of proinflammatory cytokines by adipose tissue macrophages (ATMs) 

contributes to chronic, low-level inflammation during obesity. We found that obesity in mice reduced 

the bioavailability of the gaseous signaling molecule hydrogen sulfide (H2S). Steady-state, intracellular 

concentrations of H2S were lower in ATMs isolated from mice with diet-induced obesity than in ATMs 

from lean mice. In addition, the intracellular concentration of H2S in the macrophage cell line 

RAW264.7 was reduced during an acute inflammatory response evoked by the microbial product 

lipopolysaccharide (LPS). Reduced intracellular concentrations of H2S led to increased Ca2+ influx 

through the store-operated Ca2+ entry (SOCE) pathway, which was prevented by the exogenous H2S 

donor GYY4137. Furthermore, GYY4137 inhibited the Orai3 channel, a key component of the SOCE 
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machinery. The enhanced production of proinflammatory cytokines by RAW264.7 cells and ATMs from 

obese mice was reduced by exogenous H2S or by inhibition of SOCE. Together, these data suggest 

that the depletion of macrophage H2S that occurs during acute (LPS-induced) or chronic (obesity) 

inflammation increases SOCE through disinhibition of Orai3 and promotes the production of 

proinflammatory cytokines. 

INTRODUCTION 

The increased abundance of inflammatory markers and of proinflammatory cytokines in the circulation 

are hallmarks of obesity (1–3). This state of chronic, low-level inflammation is associated with insulin 

resistance (3–5) and also predicts the future development of type 2 diabetes (6) and cardiovascular 

disease (1, 7). The point of origin of proinflammatory cytokine production in obesity has been localized 

to an increased population of macrophages that are recruited to visceral fat deposits (2, 8). These 

adipose tissue macrophages (ATMs) have a degree of plasticity that enables them to adopt either a 

proinflammatory (defined as M1) or an anti-inflammatory (M2) phenotype. Although any given cell is 

likely to reside somewhere along a spectrum of activation from M1 to M2, the consensus is that, during 

obesity, the balance is tilted toward the proinflammatory M1 phenotype (9). A major challenge in the 

field is to identify the signal transduction pathways modulated by obesity and define the importance of 

this modulation on maintaining the M1 phenotype in ATMs. 

The gaseous signaling molecule hydrogen sulfide (H2S) has been identified as an important 

inflammatory mediator (10–15). That H2S has an anti-inflammatory function in macrophages is 

supported by the observation that experimental application of H2S donors to primary macrophages (16) 

and macrophage cell lines (10, 13) robustly attenuates cytokine production evoked by proinflammatory 

stimuli. These findings are particularly intriguing in light of data that point to impaired H2S signaling in 

type 2 diabetes (17–19) and show depleted plasma concentrations of H2S in human obesity (20). This 

raises the possibility that the depletion of endogenous H2S is involved in driving ATMs toward the M1 

phenotype. The question arises then as to how a reduction in H2S results in increased proinflammatory 

signaling. 

A robust Ca2+ signal is an essential component of the proinflammatory cascade in macrophages 

(21, 22), and its generation is likely to be heavily dependent on the activity of the store-operated 

Ca2+ entry (SOCE) pathway (23–25). In immune cells, SOCE is mediated by the Ca2+ release–activated 

Ca2+ (CRAC) channels, which are activated in response to the depletion of endoplasmic reticulum (ER) 

stores of Ca2+ (26). The SOCE machinery consists of the ER-localized stromal interaction molecule 

(STIM), which, upon store depletion, binds to and opens Orai, the plasma membrane pore-forming 

subunit of the CRAC channel (27–29). Although H2S inhibits Ca2+ influx through several different 

plasmalemmal ion channels (30), whether H2S impinges on SOCE by targeting CRAC channels is 

unclear. If H2S were an inhibitor of SOCE, then a downstream consequence of its action would be the 

attenuation of cytokine production by limiting Ca2+ influx during proinflammatory signaling. Similarly, if 

endogenous H2S production were compromised, then enhanced cytokine production would be 
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expected to occur because of disinhibited SOCE. Such a model would be consistent with the known 

anti-inflammatory function of H2S in macrophages. 

Which components of the proinflammatory signaling pathway are targeted by H2S in macrophages is 

unclear. Whether H2S homeostasis is affected by obesity or, indeed, if disrupted H2S homeostasis 

contributes to chronic, low-level inflammation during obesity is unknown. We hypothesized that obesity 

disrupts a H2S-Ca2+ signaling axis to amplify the proinflammatory cascade, which has implications for 

obesity-dependent inflammation. This hypothesis was tested in RAW264.7 cells (a mouse macrophage 

cell line) and in primary mouse macrophages by quantifying H2S concentrations, SOCE, and cytokine 

production in response to proinflammatory stimuli or diet-induced obesity. 

RESULTS 

Endogenous H2S is depleted in ATMs isolated from obese mice 

The abundances of mRNAs of well-characterized pro- and anti-inflammatory markers were assessed 

to define the inflammatory phenotype of ATMs isolated from lean and obese mice. Consistent with 

previous studies, the mRNAs of proinflammatory M1 markers, including nitric oxide synthase 2, 

inducible (NOS2) and integrin α X (ITGAX; also known as CD11c), were increased in abundance, 

whereas the mRNAs of anti-inflammatory M2 markers, including mannose receptor C type 1 (MRC1), 

arginase 1 (ARG1), and chitinase-like 3 (Chil3; also known as Ym1), were decreased in abundance in 

ATMs from obese mice compared to those in ATMs from lean control mice (Fig. 1, A and B). The 

endogenous, basal intracellular concentration of H2S was then quantified in single cells loaded with the 

H2S-specific fluorescent probe SF7-AM. This latest generation probe is highly specific for H2S and is 

insensitive to other reactive sulfur, oxygen, and nitrogen species, and it has been validated as a tool to 

measure qualitative changes in intracellular H2S concentrations (31, 32). This approach revealed that 

the steady-state H2S concentration in ATMs from obese mice was substantially less than that in ATMs 

from lean mice (Fig. 1, C and D). Because H2S production is highly dependent on the enzyme 

cystathionine γ-lyase (CSE), we determined its abundance in ATMs from lean and obese mice. We 

found that there was a consistent and marked increase in the amounts of CSE mRNA and protein in 

ATMs from the obese mice (Fig. 1, E and F). Induction of expression of the gene encoding CSE in 

response to diverse inflammatory stimuli was described previously (33–35); however, we observed that 

the concentration of endogenous H2S was substantially decreased despite the increased abundance of 

CSE. The ability of CSE in whole-cell lysates from the fat pads of lean and obese mice to produce H2S 

was assessed with the methylene blue technique (36) and the maximal H2S production capacity found 

to be increased by obesity (Fig. 1G). 
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Fig. 1Increased proinflammatory markers in ATMs from obese mice that exhibit decreased cellular H2S 

concentrations correlate with increased CSE abundance and H2S production capacity compared to 

ATMs from lean controls. 

(A and B) ATMs isolated from lean and obese mice were analyzed by quantitative reverse-transcription 

polymerase chain reaction (qRT-PCR) to determine the relative abundances of mRNAs encoding the 

classical M1 activation markers NOS2 and ITGAX (A) and the M2 activation markers MRC1,ARG1, 

and Chil3 (B). Data are expressed as the mean fold difference ± SEM in mRNA abundance between 

ATMs from three mice of each group. *P < 0.001, **P = 0.003, #P = 0.04 by unpaired t test. (C) 

Representative fluorescence images showing ATMs from lean (left) and obese (right) mice loaded with 

the H2S indicator SF7-AM. Scale bar, 50 μm. Images are representative of three mice of each group. 

(D) Quantification of the SF7-AM fluorescence in single ATMs taken from three lean and three obese 

mice. Data are means ± SEM and expressed as a percentage of the SF7-AM fluorescence measured 

in ATMs from lean mice. Statistical analysis was performed before data were normalized. *P < 0.001 

by unpaired t test. (E) ATMs from lean and obese mice were analyzed by qRT-PCR to determine the 

relative abundance of CSE mRNA. Data are the mean fold differences in mRNA abundance ± SEM in 

ATMs between lean and obese mice and are from independent samples prepared from three lean and 

four obese mice. *P < 0.001 by unpaired t test. (F) ATMs isolated from three lean and four obese mice 

were analyzed by Western blotting to detect CSE. Actin was used as a loading control. (G) Epididymal 

fat pad lysates from five lean and five obese mice were analyzed by the methylene blue technique to 
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determine the extent of H2S production. Data are means ± SEM and are expressed as a percentage of 

the amount of H2S produced in samples from lean mice. *P < 0.001 by unpaired t test. 

Proinflammatory stimulation decreases the amount of H2S in macrophages 

The relationship between macrophage activation status, CSE abundance, and H2S concentration was 

further explored in experiments with RAW264.7 cells. The cells were challenged with 

lipopolysaccharide (LPS) to evoke a robust proinflammatory signaling cascade, which induces CSE 

production (33). Stimulation of RAW264.7 cells with LPS resulted in a substantial reduction in the 

intracellular concentration of H2S (Fig. 2, A and B), which is consistent with our observations of ATMs 

from lean and obese mice. Similarly, the decrease in H2S concentration occurred despite there being 

an increase in the abundance of CSE protein, whereas the abundance of cystathionine β-synthase 

(CBS), another enzyme capable of generating H2S, was unaffected by LPS (Fig. 2C and fig. S1). In a 

parallel set of experiments, cells were preincubated with the exogenous H2S donor GYY4137 before 

being treated with LPS or vehicle. GYY4137 is a slow-releasing H2S donor that results in a sustained 

increase in the amount of H2S (37). As expected, the concentration of H2S was increased in cells 

incubated with GYY4137 alone; however, in the presence of GYY4137, LPS had no effect on the H2S 

concentration (Fig. 2, A and B). Thus, GYY4137 effectively maintained the cellular concentration of 

H2S during proinflammatory stimulation. Furthermore, the addition of the CSE substrate L-cysteine to 

the cells also prevented the LPS-induced decease in the concentration of H2S (Fig. 2B). 

 

Fig. 2LPS decreases the cellular concentration of H2S while increasing CSE abundance and H2S 

production capacity in RAW264.7 cells. 

(A) RAW264.7 cells loaded with the H2S indicator SF7-AM were pretreated with 500 μM GYY4137 or 

vehicle before being incubated for 4 hours with either vehicle (control) or LPS (1 μg/ml). Cells were 

then analyzed by fluorescence microscopy. Images are representative of six independent experiments. 

When used, GYY4137 was present throughout the entire incubation period. Scale bar, 50 μm. (B) 

Analysis of SF7-AM fluorescence data. Data are means ± SEM of the SF7-AM fluorescence intensities 

of individual cells expressed as a percentage of control, untreated cells. Data are from single cells and 
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were pooled from six independent samples. *P = 0.017, **P = 0.012, #P = 0.016 by one-way analysis of 

variance (ANOVA). (C) RAW264.7 cells were pretreated with vehicle or 500 μM GYY4137 before being 

incubated for 4 hours with vehicle or LPS (1 μg/ml). Cells were then analyzed by Western blotting with 

antibodies against the indicated proteins. Western blots are representative of three independent 

experiments. For quantification of band intensities, see fig. S1. (D) RAW264.7 cells were incubated for 

4 hours with vehicle or LPS (1 μg/ml). Cell lysates were then analyzed by the methylene blue 

technique to detect H2S. Data are expressed as a percentage of the H2S measured in untreated cell 

lysates and are means ± SEM of five experiments. *P < 0.001 by unpaired t test. (E) RAW264.7 cell 

cultures were left untreated or were treated overnight with 50 μM GYY4137 in the absence or presence 

of LPS (1 μg/ml). Cell culture medium was then analyzed by the methylene blue technique to 

determine the concentration of H2S. Data were normalized to the amount of H2S measured in cell-free 

medium. Data are expressed as a percentage of the H2S found in the culture medium of untreated cells 

and are means ± SEM of five experiments. 

We next assessed the enzymatic function of CSE by measurement of maximal H2S production with the 

methylene blue technique. RAW264.7 cells were treated with LPS or vehicle for 4 hours, and then their 

H2S-producing capacity was measured. The capacity to produce H2S was almost doubled in response 

to LPS (Fig. 2D). These data suggest that LPS induces the production of functional CSE protein. Thus, 

the observed decrease in cellular H2S concentration in response to LPS was unlikely a result of a loss 

in CSE function. We therefore asked whether increased H2S consumption could account for the 

apparent paradox. This was assessed in experiments in which RAW264.7 cells were stimulated 

overnight with LPS in the absence or presence of GYY4137 before the concentration of H2S in the cell 

culture medium was determined with the methylene blue technique. Measurements were normalized to 

control samples drawn from culture wells containing GYY4137 but no cells. A reduction in the 

concentration of H2S was observed only in medium from cell cultures that were treated with LPS (Fig. 

2E). Thus, increased cellular demand for and consumption of H2S may well account for the LPS-

induced depletion of H2S from the cell culture medium. 

Proinflammatory stimulation increases SOCE in macrophages 

We postulated that the SOCE pathway was an important physiological target of H2S. If this was correct, 

the magnitude of SOCE should be sensitive to the application of exogenous H2S, and it should be 

modified in response to changes in the abundance of endogenous H2S caused by proinflammatory 

conditions. This was tested in experiments with macrophages with a well-established approach to 

quantify SOCE (38). In this protocol, the ER stores of Ca2+ are first depleted in the absence of 

extracellular Ca2+ by inhibiting the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump with 

cyclopiazonic acid (CPA). When Ca2+ is then added back to the culture medium, it enters the cell 

through the activated SOCE channels. Thus, the amplitude of the Ca2+ influx reflects the activation 

status of SOCE. By measuring intracellular Ca2+ with live-cell Ca2+ imaging, we found that the 

magnitude of SOCE recorded in RAW264.7 cells was substantially increased in response to LPS (Fig. 

3, A to C). Although GYY4137 had no effect on SOCE in unstimulated cells, it completely blocked the 
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increase in SOCE evoked by LPS (Fig. 3, A to C). To further validate these observations, the same 

experiments were performed with freshly isolated mouse peritoneal macrophages. Qualitatively similar 

results were obtained, in that GYY4137 blocked the LPS-induced increase in SOCE; however, in 

contrast to its effect on RAW264.7 cells, GYY4137 reduced SOCE in unstimulated macrophages (Fig. 

3, D to F). Neither LPS nor GYY4137 altered the basal cytoplasmic concentration of Ca2+ or the steady-

state ER store content in either RAW264.7 cells (Fig. 3, A and B) or peritoneal macrophages (Fig. 3, D 

and E). SOCE in macrophages is mediated by the STIM-Orai machinery (26). We therefore quantified 

the amounts of all STIM and Orai proteins in control and LPS-stimulated RAW264.7 cells in the 

presence and absence of GYY4137 (Fig. 3G and fig. S2). Protein abundance was unaffected by LPS 

or GYY4137, suggesting that H2S affects SOCE function in macrophages by physiological modulation, 

in contrast to lymphocytes in which the abundances of STIM and Orai proteins are increased in 

response to T cell receptor engagement (39). 

 

Fig. 3GYY4137 blocks the LPS-induced increase in SOCE. 

(A to F) Analysis of cytosolic Ca2+ flux in RAW264.7 cells and freshly isolated mouse peritoneal 

macrophages. To activate maximal SOCE, ER stores were depleted by the application of 10 μM CPA 

in the absence of extracellular Ca2+. Note that the area under the transient increase in [Ca2+] cyto in 

response to CPA is an index of resting ER store content, whereas the amplitude of the Ca2+spike 

evoked upon adding Ca2+ back to the buffer reflects the magnitude of SOCE. (A) Typical traces 

recorded in RAW264.7 cells and depicting SOCE in the presence or absence of 500 μM GYY4137. (B) 

Measurement of SOCE in RAW264.7 cells treated for 4 hours with LPS (1 μg/ml) in the absence or 

presence of 500 μM GYY4137. (C) SOCE amplitudes in RAW264.7 cells treated under the indicated 

conditions. Data are means ± SEM of five to eight independent experiments. *P = 0.005, #P < 0.001 by 

one-way ANOVA. (D) Typical traces recorded in mouse peritoneal macrophages and depicting SOCE 

in the presence or absence of 500 μM GYY4137. (E) Traces showing SOCE recorded in peritoneal 

macrophages after stimulation with LPS (1 μg/ml) in the absence or presence of 500 μM GYY4137. (F) 

SOCE amplitude in peritoneal macrophages treated under the indicated conditions. Data are means ± 

SEM of five to seven independent experiments. *P = 0.029, #P < 0.001 by one-way ANOVA. (G) 

RAW264.7 cells were treated for 4 hours with the indicated combinations of vehicle, LPS (1 μg/ml), or 
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500 μM GYY4137. Cells were then analyzed by Western blotting with antibodies against the indicated 

proteins. Western blots are representative of three independent experiments. For quantification of band 

intensities, see fig. S2. 

SOCE is inhibited by H2S 

Increased SOCE correlated with decreased H2S concentrations in LPS-stimulated cells. If H2S directly 

regulated SOCE activity, then we would expect SOCE to increase in response to H2S depletion, even 

in the absence of LPS. The endogenous production of H2S in macrophages is largely dependent on the 

activity of CSE and, to a lesser extent, CBS (15, 40). To examine the contribution of endogenous H2S 

to the regulation of SOCE, we inhibited CSE and CBS with DL-propargylglycine (PPG) and 

aminooxyacetic acid (AOAA), respectively (41). Treatment of RAW264.7 cells with both PPG and 

AOAA substantially reduced the cellular concentration of H2S (Fig. 4, A and B), which was associated 

with an increase in the magnitude of SOCE in both RAW264.7 cells (Fig. 4, C and D) and mouse 

peritoneal macrophages (fig. S3, A and B). The involvement of CSE was further explored through a 

short hairpin RNA (shRNA)–based knockdown approach. RAW264.7 cells stably expressing either 

control shRNA or CSE-specific shRNA were generated, and knockdown of CSE was confirmed by 

Western blotting analysis (fig. S3, C and D). Consistent with the pharmacological experiments, the 

steady-state concentration of H2S was lower in CSE knockdown cells than in control cells (Fig. 4, E 

and F). Similarly, SOCE was increased in cells in which CSE was knocked down (Fig. 4, G and H). 

Together, these data are consistent with a model in which cellular H2S normally limits the maximal 

extent of SOCE. 

 

Fig. 4Inhibition of H2S production increases SOCE in unstimulated RAW264.7 cells. 

(A) RAW264.7 cells loaded with the H2S indicator SF7-AM were incubated for 1 hour either with vehicle 

control (top) or with 0.4 mM PPG and 0.4 mM AOAA (bottom). Cells were then analyzed by 
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fluorescence microcopy. Images are representative of six independent experiments. Scale bar, 50 μm. 

(B) Quantification of the SF7-AM fluorescence in RAW264.7 cells. Data are means ± SEM of the SF7-

AM fluorescence intensities of individual cells expressed as a percentage of control cells from six 

independent experiments. *P = 0.005 by unpaired t test. (C) Typical SOCE traces in RAW264.7 cells in 

the presence or absence of both PPG and AOAA were recorded as described in Fig. 3A. (D) SOCE 

amplitudes in RAW264.7 cells in the presence or absence of both PPG and AOAA. Data are means ± 

SEM of five to seven independent experiments. *P = 0.023 by unpaired t test. (E) RAW264.7 cells 

stably expressing control shRNA (top) or CSE-specific shRNA (bottom) were loaded with the H2S 

indicator SF7-AM. Cells were then analyzed by fluorescence microcopy. Images are representative of 

four independent experiments. Scale bar, 50 μm. (F) Quantification of the effect of CSE knockdown on 

SF7-AM fluorescence in RAW264.7 cells. Data are means ± SEM of the SF7-AM fluorescence 

intensities of individual cells expressed as a percentage of control cells from four independent 

experiments. *P < 0.001 by unpaired t test. (G) Typical SOCE traces in RAW264.7 cells treated with 

control shRNA or CSE-specific shRNA were recorded as described in Fig. 3A. (H) Effect of CSE 

knockdown on SOCE amplitudes in RAW264.7 cells. Data are means ± SEM of five independent 

experiments. *P = 0.015 by unpaired t test. 

Both H2S and SOCE determine the magnitude of proinflammatory cytokine production 

Proinflammatory stimulation of macrophages by LPS ultimately results in the release of a range of 

inflammatory cytokines, including interleukin-6 (IL-6) and IL-1β. Because transcription of the genes 

encoding these molecules is tightly linked to the strength of the accompanying Ca2+ signal (21, 22), we 

postulated that H2S was anti-inflammatory by virtue of its inhibitory effect on SOCE. We therefore 

examined the relationship between H2S, SOCE, and cytokine production. As expected, LPS induced 

the expression of IL6 and IL1B as assessed by qRT-PCR assays (Fig. 5A), an effect that was 

attenuated in the presence of the H2S donor GYY4137 (Fig. 5B), consistent with previous observations 

(13). To establish the relevance of the SOCE pathway for cytokine production, SOCE was targeted 

both pharmacologically and genetically (Fig. 5, C to H). Treatment of RAW264.7 cells with N-[4-[3,5-

bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-1,2,3-thiadiazole-5-carboxamide (BTP2), a SOCE 

inhibitor (42), effectively inhibited SOCE (Fig. 5, C and D) as did the knockdown of STIM1 with specific 

small interfering RNA (siRNA) (Fig. 5, F and G, and fig. S4). Both approaches were equally effective at 

reducing the amounts of proinflammatory cytokines produced in response to LPS (Fig. 5, E and H). 

Thus, approaches that limited the magnitude of SOCE, whether by H2S-dependent inhibition (Fig. 3), 

by pharmacological blockade of SOCE (Fig. 5C), or by knockdown of STIM1 (Fig. 5F), were all 

effective at dampening the transcriptional activity of genes encoding key proinflammatory molecules. 
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Fig. 5Increasing the cellular concentration of H2S or inhibiting SOCE attenuates proinflammatory 

cytokine production by LPS-treated RAW264.7 cells. 

(A) RAW264.7 cells were treated for 4 hours with vehicle or LPS (1 μg/ml) before being analyzed by 

qRT-PCR to determine the relative abundances of the indicated mRNAs. (B) RAW264.7 cells treated 

for 4 hours with LPS (1 μg/ml) in the presence or absence of 500 μM GYY4137 were analyzed by qRT-

PCR to determine the relative abundances of the indicated mRNAs. (C) Typical SOCE traces in 

RAW264.7 cells in the presence or absence of 10 μM BTP2 were recorded as described in Fig. 3A. 

(D) SOCE amplitudes in RAW264.7 cells in the presence or absence of BTP2. (E) RAW264.7 cells 

treated for 4 hours with LPS (1 μg/ml) in the presence or absence of 10 μM BTP2 were analyzed by 

qRT-PCR to determine the relative abundances of the indicated mRNAs. (F) Typical SOCE traces in 

RAW264.7 cells treated with control siRNA or STIM1-specfic siRNA were recorded as described 

in Fig. 3A. (G) SOCE amplitudes in RAW264.7 cells treated with control siRNA or STIM1-specfic 

siRNA. (H) RAW264.7 cells treated with control siRNA or STIM1-specific siRNA were analyzed by 

qRT-PCR to determine the relative abundances of the indicated mRNAs. Data in all bar charts are 

means ± SEM of at least three independent experiments. *P < 0.001 by unpaired t test. 

Obesity is associated with increased SOCE and cytokine production in ATMs, which are dependent on 

the depletion of H2S 

We showed that H2S was depleted in ATMs during obesity (Fig. 1) and that the depletion of H2S 

resulted in increased SOCE in macrophages (Fig. 3). If H2S depletion and the accompanying loss of 

SOCE inhibition were universal features of the proinflammatory M1 phenotype, then we would predict 

that SOCE would be increased in ATMs from obese mice. We therefore assessed SOCE in ATMs 

isolated from lean and obese mice and found, as expected, that SOCE was markedly increased in cells 

from the obese mice (fig. S5, A to C). The mean steady-state concentration of Ca2+ in ER stores was 

slightly increased in ATMs from obese mice but was not statistically significantly different (fig. S5D). In 

contrast, the ATMs from obese animals exhibited increased basal concentrations of cytosolic Ca2+ (fig. 

S5E). However, because this was not also observed in RAW264.7 cells, peritoneal macrophages, or 
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ATMs from lean mice in which SOCE was increased by CSE inhibition, we conclude that this 

observation was unlikely to be related to the increased SOCE. 

We next asked whether the obesity-dependent increase in SOCE observed in ATMs was caused by 

H2S depletion. We tested this by monitoring SOCE in ATMs after treatment with either the H2S donor 

GYY4137 or the CSE and CBS inhibitors PPG and AOAA. GYY4137 reduced the obesity-dependent 

increase in SOCE such that it was similar to the extent of SOCE observed in ATMs from the lean 

animals (Fig. 6, A to C). The rescue of SOCE by exogenous H2S is consistent with our hypothesis that 

depletion of endogenous H2S causes increased SOCE in obesity. This hypothesis was further 

supported by the observation that inhibition of endogenous H2S production by PPG and AOAA 

increased the extent of SOCE in ATMs from lean mice but produced no further increase in SOCE in 

ATMs from obese mice (Fig. 6C). 

 

Fig. 6Increased SOCE during obesity is dependent on the depletion of H2S and is associated with 

increased proinflammatory cytokine production. 

(A and B) Typical recordings of SOCE in ATMs from lean mice (A) and obese mice (B). For clarity, 

only the Ca2+ readdition portion of the experiment is shown, and it depicts SOCE evoked in cells treated 

with vehicle, 500 μM GYY4137, or both 0.4 mM PPG and 0.4 mM AOAA. (C) SOCE amplitudes in 

ATMs from lean and obese mice treated with vehicle, GYY4137, or PPG/AOAA. Data are means ± 

SEM of six to eight independent samples derived from three lean and three obese mice. *P < 

0.001, #P = 0.016 by unpaired t test. (D to F) ATMs isolated from lean or obese mice were plated and 

cultured overnight in the presence of the indicated combinations of vehicle, 500 μM GYY4137, and 10 

μM BTP2. The concentrations of IL-6 (D), IL-1β (E), and TNF-α (tumor necrosis factor–α) (F) in the cell 

culture medium were then measured by Luminex assay. Data are means ± SEM of independent 

cultures derived from seven lean and seven obese mice. P values were determined by one-way 

ANOVA analysis. 

We next investigated whether the depletion of endogenous H2S during obesity was an important 

contributor to increased cytokine production and if this were likely mediated by its influence on SOCE. 
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Freshly isolated ATMs were cultured in the absence or presence of GYY4137 or BTP2, separately or in 

combination. We could not use qRT-PCR analysis in these experiments because of the limited cell 

numbers available; however, cytokine concentrations in the culture medium were measured 24 hours 

after plating. In the absence of any treatment, the amounts of IL-6, IL-1β, and TNF-α secreted by ATMs 

from obese mice were substantially greater than those produced by ATMs from lean control mice (Fig. 

6, D to F), as expected. The presence of either GYY4137 or BTP2 attenuated cytokine production by 

ATMs from the obese mice, although statistical significance was not always achieved (Fig. 6, E and F). 

Only IL-6 production by ATMs was statistically significantly reduced by either GYY4137 or BTP2. 

Neither GYY4137 nor BTP2 affected the amounts of cytokines produced by ATMs from lean mice, with 

the exception of IL-6, which saw decreased production in the presence of both GYY4137 and BTP2 

(Fig. 6D). 

H2S selectively targets Orai3 

How then does H2S regulate SOCE? The ER-localized STIM molecules sense store depletion and 

activate Ca2+ influx by binding to and opening the plasma membrane Orai channels (43). It was 

therefore conceivable that H2S could inhibit SOCE by influencing the function of STIM or Orai proteins. 

To identify the specific target of H2S, we examined the effects of H2S on the function of SOCE in 

human embryonic kidney (HEK) 293 cells transiently transfected with fluorescently tagged STIM and 

Orai proteins. Previous studies showed that the exogenous expression of these proteins in HEK 293 

cells effectively reconstitutes SOCE, whose magnitude is greatly enhanced, enabling the functional 

characterization of specific Orai isoforms with minimal contamination from endogenous channels (44–

46). We transiently transfected HEK 293 cells stably expressing STIM1 with plasmids encoding Orai1, 

Orai2, or Orai3 (fig. S6) and then measured SOCE. Treatment of these cells with the H2S donor 

GYY4137 had no effect on SOCE mediated by Orai1 or Orai2 but markedly reduced SOCE in cells 

expressing Orai3 (Fig. 7, A and B). 

 

Fig. 7GYY4137 inhibits SOCE mediated by STIM1 and Orai3 but not that mediated by STIM1 together 

with Orai1, or Orai2. 
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(A) Typical recordings of SOCE in HEK 293 cells stably expressing STIM1 and transiently transfected 

with plasmids encoding Orai1, Orai2, or Orai3, as indicated. (B) SOCE amplitudes in HEK 293 cells 

expressing the indicated Orai proteins. Data are means ± SEM of six independent experiments. *P = 

0.036 by unpaired t test. (C) Whole-cell patch clamp recordings in HEK 293 cells expressing STIM1 

and Orai3 and depicting the CRAC current-voltage relationship in control cells (left) and in cells 

pretreated with 500 μM GYY4137 for 1 hour (right). (D) Summary of the peak CRAC current 

amplitudes measured during steps to −100 mV in the experiments depicted in (C). Data are means ± 

SEM of six cells for each treatment group. *P < 0.001 by unpairedt test. (E) HEK 293 cells were 

pretreated with 500 μM GYY4137 for the indicated times before SOCE amplitudes were measured as 

described for Fig. 3A. Data are means ± SEM of three independent experiments. *P < 0.001 by one-

way ANOVA. (F) RAW264.7 cells transfected with control siRNA or Orai3-specfic siRNA were treated 

for 4 hours with LPS (1 μg/ml) and then were analyzed by qRT-PCR to determine the relative 

abundances of the indicated mRNAs. Data are expressed as the fold change in mRNA abundance in 

cells transfected with Orai3-specific siRNA compared to that in control cells. Data are means ± SEM of 

six independent samples. *P = 0.039, #P = 0.033 by unpaired t test. 

The Ca2+ imaging data suggested that H2S specifically affected SOCE mediated by STIM1 and Orai3. 

In principle, there are several possible mechanisms, both direct and indirect, that could account for this 

effect of H2S. These include changes in the abundance or function of CRAC channel proteins, as well 

as mechanisms involving membrane depolarization that reduce the electrochemical gradient for 

Ca2+ entry. To further assess the effect of H2S on Orai3-mediated SOCE, we used patch clamp 

electrophysiology to directly measure CRAC currents in HEK 293 cells that stably expressed STIM1 

and were transiently transfected with plasmid encoding Orai3. Administration of the H2S donor 

GYY4137 decreased Orai3-dependent currents but did not alter the current-voltage relationship, 

indicating that H2S inhibited Orai3 channel activity without altering its ion selectivity (Fig. 7, C and D). 

These data are consistent with a model in which H2S directly affects SOCE by inhibiting CRAC currents 

mediated by STIM1 and Orai3. 

All experimental assays examining the effect of GYY4137 on SOCE were performed after the cells 

were incubated with GYY4137 for 1 hour. To assess the time course of the effect of H2S on SOCE, the 

SOCE measurement protocol was initiated at various time points after the addition of GYY4137 (Fig. 

7E). These data suggest that the inhibitory action of H2S on SOCE was complete within 20 to 40 min. 

Finally, we examined the functional importance of Orai3 in regulating cytokine production using a 

knockdown strategy in RAW264.7 cells. Cells were treated with control or Orai3-specific siRNAs, and 

Orai3 knockdown was confirmed by Western blotting analysis (fig. S7). Next, we assessed the LPS-

induced expression of IL6 andIL1B by qRT-PCR analysis (Fig. 7F). We found that the expression 

of IL6 and IL1B was substantially attenuated by the depletion of Orai3 protein, strengthening the 

mechanistic link between Orai3 and inflammatory cytokine production. 
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DISCUSSION 

The shift in ATMs toward the proinflammatory M1 phenotype is well established in rodent models of 

obesity (5, 8, 9, 47) and has also been described in humans (48). Thus, as expected, ATMs that we 

isolated from the fat pads of obese mice displayed an increased abundance of M1 cell markers and a 

decreased abundance of M2 cell markers (Fig. 1, A and B). Furthermore, comparison of ATMs from 

lean and obese mice also revealed an obesity-dependent reduction in the steady-state concentration of 

H2S (Fig. 1, C and D). 

The mechanism of H2S depletion was further explored by examining the influence of inflammatory 

stimuli on the enzymes necessary for H2S production. The abundance of CSE, but not CBS, was 

increased in RAW264.7 cells in response to LPS (Fig. 2C). Similarly, CSE was increased in 

abundance in ATMs from obese mice compared to that in ATMs from lean mice (Fig. 1F). Although the 

LPS-induced increase in CSE abundance was previously described (33–35), our major finding is that it 

is increased during obesity. A study showed that CSE abundance is increased by dietary restriction in 

a mouse model (49); however, this was also associated with an increased steady-state concentration 

of H2S, which is in contrast to the data from our current study. This discrepancy reveals an interesting 

conundrum: the lower concentration of H2S despite the increased abundance of CSE. The simplest 

explanation for this finding is that either H2S synthesis is inhibited or H2S consumption is increased 

under proinflammatory conditions. In our experiments, the capacity to produce H2S was indeed 

increased by obesity (Fig. 1G) and by LPS in the presence of excess L-cysteine (Fig. 2D). Assuming 

the availability of an adequate amount of substrate in vivo, these data suggest that H2S synthesis is not 

impaired by proinflammatory conditions. In contrast, the depletion of exogenous H2S from the cell 

culture medium was enhanced when cells were stimulated with LPS, which is consistent with an 

increase in the consumption of H2S (Fig. 2E). Whereas these data are preliminary and somewhat 

tangential to the primary focus of the current study, they point to increased H2S consumption under 

proinflammatory conditions. Although this is highly speculative, we suggest that there is a role for the 

reactive oxygen and nitrogen species that are generated during the activation of M1 macrophages. 

This hypothesis is based on studies that suggest that free radical species promote H2S catabolism 

(50, 51). Additional studies, however, are needed to support such a model. 

We observed H2S depletion in models of both acute inflammation (LPS-treated macrophages in vitro) 

and chronic inflammation (ATMs from obese mice). This would suggest the involvement of a common 

pathway in both situations. Evidence to support this idea comes from studies of knockout mice in which 

loss of Toll-like receptor 4 (TLR4), a cell surface receptor for LPS, protects against insulin resistance 

induced by a high-fat diet (52). Furthermore, increased circulating amounts of LPS are observed in 

rodent models as well as in obese humans (53, 54), suggesting a direct effect of LPS in determining 

the shift toward an M1 phenotype in ATMs. In macrophages, TLR4-mediated signaling evokes 

intracellular second messenger cascades that release Ca2+ from stores in the ER (25, 55), which leads 

to a secondary Ca2+ influx across the plasma membrane by activation of the SOCE pathway. 
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As a consequence of proinflammatory signaling, either acutely induced by LPS or as a result of 

obesity, SOCE is increased in parallel with H2S depletion (Figs. 3 and 6). We now propose that the 

reduced concentration of cellular H2S promotes increased SOCE. In our model, H2S is inhibitory, in that 

endogenous amounts appear to limit the amplitude of maximal SOCE activation. Thus, H2S acts as a 

damper for SOCE. This inhibitory input is removed when H2S concentrations are reduced in response 

to proinflammatory stimuli. To support this, we showed that the application of exogenous H2S 

prevented the LPS-induced increase in SOCE (Fig. 3) and reversed the effects of obesity on SOCE in 

ATMs (Fig. 6). Moreover, in the absence of either LPS (Fig. 4) or obesity (Fig. 6), experimentally 

depleting H2S, either pharmacologically by blocking endogenous production or genetically by knocking 

down CSE, also increased SOCE, demonstrating that endogenous concentrations of H2S limit maximal 

activation of SOCE. That being the case, it is expected that the application of exogenous H2S alone 

may or may not affect SOCE depending on the preexisting steady-state concentration of H2S. This 

could explain why the H2S donor GYY4137 had no effect on SOCE in RAW264.7 cells but inhibited 

SOCE in mouse peritoneal macrophages (Fig. 3, C and F). 

Activation of the SOCE pathway during proinflammatory stimulation provides the Ca2+ signal required 

for the activation of nuclear factor κB (NF-κB) and nuclear factor of activated T cells (NFAT), the 

transcription factors responsible for the expression of cytokine-encoding genes (22, 56, 57). We 

propose that H2S depletion serves to amplify the proinflammatory cascade by increasing SOCE 

activation. We showed that inhibiting SOCE activation, either pharmacologically or genetically, 

attenuated the LPS-induced expression of the genes encoding the key M1 cytokines IL6 and IL1B (Fig. 

5). In parallel experiments, preventing H2S depletion during LPS stimulation by inclusion of GYY4137 

had qualitatively similar effects. Thus, inhibiting SOCE or preventing the loss of H2S both limited LPS-

induced cytokine production. During obesity, we also observed the increased abundance of M1-

associated markers (Figs. 1 and 6), reduced H2S bioavailability (Fig. 1), and increased SOCE (Fig. 6) 

in ATMs. Similarly, inhibiting SOCE or preventing the loss of H2S in these cells also limited 

proinflammatory cytokine production (Fig. 6, D to F), although the effect of these interventions was not 

statistically significant for all of the cytokines examined. This could be due to a lack of detection 

sensitivity or because the cytokine concentrations in our samples were near the lower limit of detection. 

Alternatively, the data could simply reflect differences in the ways in which individual cytokines are 

regulated by H2S and [Ca2+]cyto. Further studies are needed to specifically examine how the H2S-SOCE 

signaling axis impinges on individual proinflammatory cytokines. In addition, the potential for H2S-

SOCE signaling to regulate anti-inflammatory mediators must also be addressed. Together, our data 

are consistent with a model in which H2S reduces M1-like cytokine production by inhibiting SOCE; 

however, we cannot state that H2S mediates its effects exclusively through the regulation of SOCE, 

because H2S is likely to affect multiple targets. Indeed, the H2S promotes the binding of NF-κB to target 

genes (35), which could be a variable in our experiments. 

How then does H2S regulate SOCE in macrophages? All isoforms of STIM and Orai are found in these 

cells (Fig. 3G); however, we identified Orai3 as a specific target of H2S (Fig. 7). Here, we used HEK 

293 cells as a model in which to reconstitute SOCE by overexpressing STIM1 together with Orai1, 
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Orai2, or Orai3. This approach has been widely used to investigate the functions of STIM and Orai 

proteins and is a useful system because of the very limited background SOCE that might otherwise 

complicate interpretation of the data (44–46). With this approach, we showed that the H2S donor 

GYY4137 limited SOCE by inhibiting CRAC currents mediated by STIM1 and Orai3. Another 

advantage of using HEK 293 cells is their lack of CSE and corresponding low endogenous 

concentrations of H2S, as defined previously (36). Under these conditions, we would not expect Orai3 

to be constitutively modified by H2S. This would explain the robust effect of the H2S donor GYY4137 on 

SOCE and CRAC currents in these cells (Fig. 7). In contrast, we speculate that in RAW264.7 cells, 

which have CSE, the endogenous concentration of H2S may be sufficiently high to constitutively modify 

Orai3. This might explain why GYY4137 had no effect on SOCE in these cells unless H2S was 

previously depleted in response to LPS (Fig. 3C). That the magnitude of SOCE was increased in 

RAW264.7 cells when CSE was inhibited (Fig. 4) is also consistent with this hypothesis. In addition, 

Orai3-mediated SOCE was directly linked to the regulation of proinflammatory cytokine production by 

the observation that Orai3 was required for the robust LPS-induced expression of IL6 and IL1B (Fig. 

7F). 

The ability of H2S to directly modify protein function, including that of ion channels, is well documented 

(58). In these cases, H2S is thought to modulate channel properties through protein sulfhydration, a 

process that affects protein function by modifying the sulfhydryl groups of reactive cysteine residues 

(58). This posttranslational modification is reported to occur over a time course of about 30 min (36), 

which is consistent with the time course with which GYY4137 affected SOCE function in the current 

study (Fig. 7E). Reactive cysteines are present in STIM (59) and Orai isoforms (60). There are four 

cysteine residues in the human and mouse Orai3 protein. Two of these (Cys101 and Cys118) are 

conserved in Orai1 and Orai2; however, two others (Cys226 and Cys232) are unique to Orai3 and could 

be potential sites for sulfhydration. The inability of GYY4137 to affect SOCE in HEK 293 cells 

expressing STIM1 together with Orai1 or Orai2 suggests that STIM1 is not regulated by H2S. 

Regulation of STIM2, however, was not assessed in the present study and cannot be ruled out, 

especially because STIM2 contains a number of cysteines that are not present in STIM1. Although our 

data provide insight into the mechanism by which H2S regulates SOCE, the identification of 

sulfhydration of the components of SOCE and its effect on physiological function are beyond the scope 

of the current study. 

In conclusion, our data are consistent with a model in which (i) proinflammatory conditions reduce the 

bioavailability of H2S, most likely through a mechanism that involves its increased consumption; (ii) the 

decrease in the concentration of H2S relieves its inhibition of Orai3, enabling the amplification of SOCE 

and Ca2+ entry; and (iii) proinflammatory cytokine production increases with the magnitude of Orai3-

mediated SOCE. The potential relevance of this model is that it applies to macrophages undergoing 

both acute (LPS stimulation) and chronic (obesity) inflammatory responses. This would suggest that 

therapeutic strategies designed to maintain H2S bioavailability or target components of the SOCE 

pathway could be effective in a number of pathological contexts. 
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MATERIALS AND METHODS 

Mice 

Male C57BL/6 mice (aged 4 to 6 weeks) were purchased from Taconic Biosciences Inc. and were 

housed in the biological resource facility at Rosalind Franklin University. For the study duration, all 

mice were housed with a 12-hour light-dark cycle in 12 × 6.25–inch cages with standard enrichment 

and ad libitum access to food and water. For studies requiring isolated peritoneal macrophages, mice 

were euthanized at 6 to 8 weeks of age. For obesity studies, mice were fed either a high-fat diet 

(D12492; 60 kcal% fat) or control diet (D12450B; 10 kcal% fat), which were purchased from Research 

Diets Inc. Mice were maintained on special diets from 6 weeks of age until they were euthanized at 24 

to 26 weeks of age. Euthanasia was by inhalation of a lethal dose of CO2 followed by cervical 

dislocation, according to the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals and approved by the Institutional Animal Care and Use Committee of Rosalind Franklin 

University of Medicine and Science. 

Cell isolation and culture 

Quiescent macrophages were harvested from the mouse peritoneal cavities by aspiration according to 

published protocols (61). Typically, about 5 × 105 cells per mouse were collected in 8 ml of aspirate 

(phosphate-buffered saline). After centrifugation, cells were resuspended in 1 ml of serum-free 

Dulbecco’s modified Eagle medium (DMEM; Mediatech Inc.), and 1 × 105cells were plated onto 12-mm 

coverslips placed inside a 24-well plate. Cells were allowed to adhere for 1 hour in a tissue culture 

incubator before each well was washed several times with serum-free DMEM to remove nonadherent 

cells. It was assumed that the adherent cell population was enriched with macrophages. Cells were 

then incubated with experimental treatments for up to 4 hours under tissue culture conditions after 

which coverslips were prepared for Ca2+ imaging. To purify ATMs, the stromal vascular fraction (SVF) 

was first isolated from epididymal fat pads, as previously described (62). The macrophage population 

within the SVF was then extracted by immunomagnetic separation with CD11b beads (Miltenyi Biotec 

Inc.) according to the manufacturer’s protocol. For imaging experiments, 5 × 104 cells were plated on 

each 12-mm coverslip in a 24-well plate and incubated at 37°C for 1 hour. Cells were washed with 

serum-free DMEM and incubated with experimental reagents for up to 4 hours before they were loaded 

with the fluorescent indicators fura-2AM or SF7-AM. RAW264.7 and HEK 293 cells were obtained from 

the American Type Culture Collection and were maintained in DMEM supplemented with 10% fetal 

bovine serum (Gemini Bio Products), penicillin (100 U/ml; Mediatech Inc.), and streptomycin (100 

μg/ml; Mediatech Inc.) in a tissue culture incubator. For Ca2+ and H2S measurements, 5 × 104 cells 

were plated onto 12-mm coverslips the day before experimental treatments and imaging experiments 

were performed. 

Knockdown and overexpression experiments 

HEK 293 cells were transfected with plasmid encoding yellow fluorescent protein (YFP)–tagged STIM1 

(STIM1-YFP), and a stably expressing population of cells was selected with puromycin. For 
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Ca2+ imaging experiments, the HEK 293 STIM1-YFP stable cell line was transiently transfected with 

plasmids encoding cyan fluorescent protein (CFP)–tagged Orai1, Orai2, or Orai3 with a Nucleofector 

device (Lonza Inc.), and experiments were performed 24 to 48 hours later. Stable knockdown of CSE 

in RAW264.7 cells was performed by transduction with lentivirus encoding control or CSE-specific 

shRNA (Santa Cruz Biotechnology Inc.) and selection in puromycin. Transient knockdown of proteins 

in RAW264.7 cells was achieved by nucleofection with control, Orai3-specific, or STIM1-specific 

siRNAs (obtained from Santa Cruz Biotechnology Inc.) 24 to 48 hours before experiments were 

performed. 

Intracellular Ca2+ measurement 

Cells cultured on glass coverslips were loaded with 2 μM fura-2AM (Life Technologies) by incubation at 

room temperature for 45 min and then were mounted in a recording chamber positioned on the stage 

of an inverted fluorescence microscope (IX71, Olympus America Inc.). Fura-2 was alternately excited 

at 340 and 380 nm, and the emitted fluorescence filtered at 510 nm was collected and recorded with a 

charge-coupled device–based imaging system running SimplePCI software (Hamamatsu Photonics). 

Cytoplasmic [Ca2+] is reported as the ratio of background-corrected fluorescence intensity at 340 and 

380 nm. The chamber was continuously perfused with Hank’s balanced salt solution (HBSS) 

containing 137.9 mM NaCl, 5.33 mM KCl, 0.44 mM KH2PO4, 0.34 mM Na2HPO4, 5.56 mM glucose, 

4.17 mM NaHCO3, 1.8 mM CaCl2, 0.49 mM MgCl2, 0.41 mM MgSO4, 10 mM Hepes (pH 7.4) with 

NaOH. To prepare a Ca2+-free solution, CaCl2 was substituted with MgCl2 and 1 mM EGTA was added. 

A solution changer was used to switch the composition of the solution bathing the cells under study. 

Measurement of H2S 

The concentration of cytoplasmic H2S was monitored with SF7-AM, which was synthesized by C. 

Chang (University of California, Berkeley), as described previously (31). RAW264.7 cells or freshly 

isolated ATMs were plated at 5 × 104 cells per well in an optical flat-bottomed 96-well plate and were 

loaded with SF7-AM (2 μM for RAW264.7 cells and 0.5 μM for ATMs) and incubated at 37°C for 45 min 

(RAW264.7 cells) or 30 min (ATMs). After incubation, the wells were washed with HBSS, the plate was 

placed on the stage of a fluorescence microscope, and images were captured with excitation and 

emission wavelengths of 490 and 525 nm, respectively. The capacity of cells and tissues to produce 

H2S was monitored with the methylene blue assay, as previously described (36). Cell or tissue lysates 

suspended in 10 mM potassium phosphate buffer (pH 7.4) were transferred to high-performance liquid 

chromatography injection vials. Pyridoxal 5′ phosphate (2 mM) and L-cysteine (10 mM) were added, 

and the air was replaced with nitrogen before sealing. The vials were incubated for 2 hours at 37°C 

before zinc acetate was injected, which was followed by a further 1 hour of incubation. Finally, 20 

mM N,N-dimethyl-p-phenylenediamine sulfate in 7.2 M HCl was injected, which was followed by 

FeCl3 in 1.2 M HCl, and the absorbance at 650 nm was measured after 20 min. 
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Whole-cell patch clamp recordings 

Patch clamp recordings were performed with an Axopatch 200B amplifier (Molecular Devices LLC) 

interfaced to an ITC-18 input/output board and an iMac G5 computer, as described previously (45). 

Currents were filtered at 1 kHz with a four-pole Bessel filter and were sampled at 5 kHz. The holding 

potential was +30 mV. The voltage protocol consisted of a 100-ms step to −100 mV from the holding 

potential followed by a ramp (100 ms) from −100 to +100 mV repeated every 1 s. HEK 293 cells stably 

expressing STIM1 were transiently transfected with plasmid encoding CFP-Orai3 (500 ng per 12-mm 

coverslip) with TransPass D2 (New England Biolabs Inc.). During recording, cells were bathed in 

solution containing 130 mM NaCl, 4.5 mM KCl, 20 mM CaCl2, 10 mM D-glucose, and 5 mM Na-Hepes 

(pH 7.4). Tetraethylammonium chloride (10 mM) was added to all extracellular solutions to prevent 

contamination from voltage-gated K+ channels. The standard internal solution contained 135 mM 

cesium aspartate, 8 mM MgCl2, 8 mM BAPTA [1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic 

acid], and 8 mM Cs-Hepes (pH 7.2). All data were corrected for leak currents collected in 20 mM 

Ca2+ and 100 μM La3+. 

qRT-PCR analysis and measurement of cytokine production 

To evaluate the expression of genes encoding M1 and M2 markers, total cellular RNA was extracted 

from ATMs after homogenization in TRIzol reagent (Life Technologies), according to the 

manufacturer’s protocol. Two micrograms of total RNA was used as a template for complementary 

DNA synthesis with random primers and the M-MLV Reverse Transcriptase system (Life 

Technologies). Duplex qRT-PCR analysis was performed with the StepOne real-time PCR system (Life 

Technologies). Assays were performed in duplicate, and semiquantitative analysis of gene expression 

was performed with the comparative threshold method. Gene expression analysis (relative to internal 

standards GAPDH or HPRT1) was performed with prevalidated TaqMan gene expression assays (Life 

Technologies) for NOS2,ITGAX, MRC1, ARG1, Chil3, and SYBR Green PCR Master Mix (Applied 

Biosystems) with validated primers for IL6 and IL1B. The secretion of the mouse proinflammatory 

cytokines TNF-α, IL-6, and IL-1β by ATMs into the culture medium was analyzed in duplicate with the 

MILLIPLEX MAP kit (Millipore) and assayed on a MAGPIX instrument (Luminex Corp.) according to the 

manufacturer’s instructions. 

Reagents 

GYY4137 dichloromethane, CPA, LPS, PPG, AOAA, and antibody against Orai1 were obtained from 

Sigma-Aldrich. Antibody against STIM1 was purchased from Santa Cruz Biotechnology Inc., and 

antibodies against STIM2, Orai2, and Orai3 were obtained from ProSci Inc. The CFP-Orai2 and CFP-

Orai3 expression plasmids were gifts from J. Putney (National Institute of Environmental Health 

Sciences, Research Triangle Park, NC), and the CFP-Orai1 and YFP-STIM1 constructs were gifts from 

A. Rao (Addgene plasmids 19757 and 19754, respectively). 
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Statistical analysis 

Fluorescence imaging data were collected with a 20× objective lens, enabling capture of ~50 cells per 

image field. Multiple image fields were acquired from each coverslip or well of a 96-well plate, and the 

data were pooled from three or four independent coverslips or wells acquired on at least two different 

days from independent cultures or at least three animals. All fluorescence intensities were background-

subtracted. Normally distributed data were summarized as means ± SEM, and differences between 

means were assessed with the Student’s t test for unpaired comparisons. A one-way ANOVA with 

Fisher’s least significant difference post hoc analysis was used for multiple comparisons. Where data 

are presented as percentages relative to control values, statistical analysis was performed before the 

data were normalized. For all tests, the differences between means were accepted as statistically 

significant at the 95% level (P < 0.05). 

SUPPLEMENTARY MATERIALS 

www.sciencesignaling.org/cgi/content/full/8/407/ra128/DC1 

Fig. S1. LPS increases the abundance of CSE but not CBS. 

Fig. S2. LPS has no effect on the abundances of STIM and Orai isoforms. 

Fig. S3. Inhibition of endogenous H2S production increases SOCE. 

Fig. S4. Analysis of the knockdown of STIM1 in RAW264.7 cells. 

Fig. S5. SOCE is enhanced in ATMs from obese mice. 

Fig. S6. Western blotting analysis of STIM1-YFP and Orai-CFP proteins in transfected HEK 293 cells. 

Fig. S7. Analysis of the knockdown of Orai3 in RAW264.7 cells. 
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