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Introduction
Patients with glioblastoma (GBM) experience one of the most 
aggressive disease trajectories of all cancers (1, 2). Effective dis-
ease management is lacking due to the intrinsic heterogeneity 
and complexity of the disease. Heterogeneity at the cellular lev-
el includes multiple interacting populations of cancer stem cells 
(CSCs) (3–5), each capable of varying degrees of tissue invasion 
(6), proliferation (7, 8), and treatment resistance (9). Recent evi-
dence indicates that metabolic heterogeneity confers an addition-
al level of complexity and adaptability to evolving GBM tumors 
(10, 11). A growing number of enzymes and metabolic pathways 
have been highlighted that contribute to the maintenance and 
selection of CSC populations (12–14). Collectively, these stud-
ies suggest that metabolic adaptability enables CSCs to out- 
compete less-plastic tumor cells with clear metabolic dependen-
cies. Specifically, while non–stem tumor cells may be limited to 
the glycolytic metabolism first described by Otto Warburg (15), the 
CSC phenotype enables cells to shift among various substrates, 
employing glycolysis, fatty acid oxidation, and amino and nucleic 

acid metabolism, depending on nutrient availability (16). As the 
nutrient landscape is profoundly altered through diet, we focused 
on understanding how an obesity-generating, high-fat diet (HFD) 
serves as a regulator of GBM progression and as a selective force 
for GBM CSC expansion.

HFD consumption alters numerous physiological systems, 
including the lipid composition within the brain (17) as well as the 
composition of the gut microbiome (18, 19) and its associated set 
of metabolites. HFD also modifies the cellular composition and 
function of the immune system (20). One system that is profound-
ly affected by HFD consumption and has been largely unexplored 
in the etiology of GBM is the synthesis of the gasotransmitter 
hydrogen sulfide (H2S), a byproduct of sulfur amino acid metabo-
lism. H2S is an endogenously produced, bio-active metabolite (21). 
Three enzymes  — cystathionine beta-synthase (CBS), cystathi-
onine gamma-lyase (CGL), and mercaptopyruvate sulfurtransfer-
ase (MPST) — are responsible for enzymatic H2S production and 
are differentially expressed and active in a tissue-specific manner 
(Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI138276DS1). Through 
a largely unknown mechanism, HFD consumption results in atten-
uation of these H2S-producing enzymes and therefore potently 
inhibits H2S production (22). Functionally, upon generation, H2S 
is quickly transferred to available cysteine residues in the form of 
a protein posttranslational modification referred to as S-sulfhydra-
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of animals in the HFD group succumbed to disease during the 
course of the experiment, indicating that HFD induced a higher 
tumor initiation frequency compared with those that consumed 
the control diet. Specifically, 2- to 3-fold fewer tumor cells were 
required to initiate tumors that drove animals to the experimen-
tal endpoint under conditions of HFD consumption (Figure 1, 
E–G). Interrogation of the tumor microenvironment using stan-
dard immunofluorescence techniques revealed 3 contributing 
factors that helped to explain this enhanced tumor aggression. 
First, in accordance with the increased CSC frequency suggested 
by the in vivo limiting-dilution analysis, histological examination 
revealed a marked increase in the percentage of SOX2+ tumor 
cells within the brains of HFD-fed mice compared with mice 
fed the control diet (Figure 1, H–J). CSC enrichment was also 
verified in vitro using the patient-derived GBM models hGBM 
23 and hGBM 3691, which were treated with escalating doses 
of the mono-unsaturated fatty acid oleic acid. Compared with 
vehicle-treated cells, lipid treatment resulted in dose-responsive 
expression increases in SOX2 and growth-associated protein 43 
(GAP43), another CSC-associated protein (Supplemental Figure 
3, D and E). Second, HFD consumption triggered a significant 
increase in tumor cell proliferation in vivo when compared with 
controls (Supplemental Figure 3, F–H). Third, necrosis was rarely 
present within the tumor microenvironment of HFD-fed mice. In 
contrast, sites of pseudopalisading necrosis were far more prev-
alent in tumor-bearing mice fed the control diet (Supplemental 
Figure 3, F and I–K). Thus, the combination of increased tumor 
cell proliferation, protection from cell death, and induction of the 
CSC phenotype helps to explain the truncated survival observed 
in tumor-bearing animals fed the HFD.

HFD consumption drives stem cell phenotype enrichment. We 
reasoned that HFD consumption may result in intracerebral lip-
id enrichment, which in turn may act directly (and/or indirect-
ly) to increase proliferation and self-renewal within the tumor 
cell population. Therefore, matched tumor-bearing and non–
tumor-bearing hemispheres were isolated from the brains of 
multiple HFD-fed and control diet–fed GBM-bearing animals at 
their experimental endpoints. To determine which lipid species 
were altered, we interrogated these specimens using mass spec-
trometry–based nontargeted lipidomic analysis (Figure 2A and 
Supplemental Table 1). When normalized to the set of chow-fed 
healthy specimens, we observed 2 modes of in vivo lipid alter-
ation. First, we identified a variety of lipids enriched specifically 
within the tumors isolated from HFD-fed mice (Figure 2B). These 
lipid species were expressed at substantially greater levels with-
in tumors of HFD-fed animals compared with the contralateral 
healthy tissues derived from the same mice as well as tissues iso-
lated from control diet–fed mice. Second, we identified a separate 
set of lipids enriched generally within the brains of HFD-fed ani-
mals, regardless of the presence of tumor (Figure 2C). Expression 
of these species was significantly increased in the HFD-derived 
specimens compared with the control diet–fed specimens but was 
not different between the tumor-derived and contralateral spec-
imens isolated from the HFD-fed mice. With the exception of 2 
polyunsaturated ceramide species (HexCer 34:1;2 and HexCer 
34:1;3), the lipids observed within the HFD, tumor-bearing brain 
were either saturated, mono-, or di-unsaturated lipid species, 

tion or persulfidation (23). S-sulfhydration alters protein form and 
associated function; however, unlike nitrosylation or phosphory-
lation, the functional changes that result from S-sulfhydration are 
largely unknown (24). There are a limited number of studies on the 
association between H2S, S-sulfhydration and cancer (25–27). Evi-
dence suggests that H2S serves as both a promoter and inhibitor of 
tumorigenesis in a tissue-specific manner (Supplemental Figure 
2). For GBM, the limited information available suggests that H2S 
synthesis inhibits proliferation of cultured GBM tumor cells (28). 
Biochemical analysis indicates that the enzymatic activity of both 
CGL and MPST decreases with increasing astrocytoma grade and 
that these enzymes are essentially nonfunctioning in the context 
of GBM (29). To date, the loss of protein S-sulfhydration has gone 
entirely unexplored in the context of GBM.

HFD has been assessed through 2 types of research in the 
GBM field. First, metabolic dependency studies involve the use of 
ketogenic HFDs or metabolism pathway inhibitors to slow or stop 
disease progression by depriving tumors of critical energy sources 
(30–32). Second, epidemiological studies question whether obesi-
ty, brought about by the consumption of obesity-generating diets, 
serves as an initiator of GBM development (33, 34). The possibility 
that a long-term pattern of HFD consumption would exacerbate 
disease, changing the histological presentation and trajectory 
of GBM, has not yet been addressed. Thus, we compared GBM 
tumors developed in the brains of HFD-fed mice to those devel-
oped within the brains of animals fed a control diet. This led to 
a series of observations linking HFD consumption to alterations 
in the nutrient landscape of the brain, the CSC compartment of 
the tumor microenvironment, and the production and function 
of intracerebral H2S. We demonstrate a mechanistic connection 
between consumption of a HFD and the inhibition of H2S, which 
leads to enhanced metabolic fitness for GBM tumor cells. Impor-
tantly, we also demonstrate that H2S can be replaced to mitigate 
the progression of this disease.

Results
HFD consumption drives CSC enrichment and accelerates glioblas-
toma progression. To test whether HFD modulates the growth and 
initiation of GBM, we employed both syngeneic mouse models 
(GL261, CT2A, KR158) and human patient–derived GBM models 
(hGBM 23, hGBM 124, hGBM 3691) in a series of in vivo experi-
ments performed according to the schematic presented in Figure 
1A. Experiments were initiated using animals of equivalent body 
mass and fat composition. Animals fed the HFD gained body 
mass (Supplemental Figure 3A) as a product of fat accumulation 
(Supplemental Figure 3B) over time throughout the duration of 
the experiment. Compared with control diet–fed mice, HFD-
fed tumor-bearing animals experienced a significant reduction 
of overall survival (Figure 1, B–D, and Supplemental Figure 3C). 
Importantly, in the absence of GBM, HFD consumption does not 
limit survival. Under specific experimental conditions, a HFD 
has even been attributed to increased longevity (35) and protec-
tion against midlife mortality (36) in rodent models of aging. For 
each of the 3 syngeneic GBM models, these experiments were 
repeated across multiple cohorts in a limiting-dilution format 
using progressively fewer tumor cells at the time of intracerebral 
injection. Regardless of the initial cell dosage, a greater number 

https://www.jci.org
https://doi.org/10.1172/JCI138276
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3J Clin Invest. 2021;131(17):e138276  https://doi.org/10.1172/JCI138276

https://www.jci.org
https://doi.org/10.1172/JCI138276


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(17):e138276  https://doi.org/10.1172/JCI1382764

olize a diverse set of energy substrates, including lipids (41). To 
test whether HFD consumption established a stem cell–selective 
environment globally within the brain, we introduced a cohort of 
female, non–tumor-bearing C57BL/6J mice to ad libitum HFD, 
matched to a control cohort maintained on standard rodent 
chow. These differential diets were maintained for approximately 
50 days, a time period roughly equal to the survival of HFD-fed 
GBM-transplanted mice. Using standard immunofluorescence 
techniques, we then carefully examined the subventricular zones 
(SVZs) of these differentially fed animals for the expansion of 
endogenous neural stem and progenitor cells (NSPCs). Staining 
for the stem cell–associated transcription factor SOX2 revealed a 
remarkable amplification of the NSPC fraction within the SVZs of 
the HFD-fed cohort compared with control animals (Supplemen-
tal Figure 4). Based on these data, we concluded that HFD con-
sumption established an environment within the brain in which 
proliferation and self-renewal of stem-like tumor and NSPCs were 
selectively enhanced. Therefore, we continued to evaluate molec-
ular mechanisms that are modulated by HFD feeding in general, 
rather than the actions of a specific lipid species.

The diet-modifiable metabolite hydrogen sulfide serves as a GBM 
tumor suppressor. Long-term HFD consumption inhibits produc-
tion of the gasotransmitter H2S, a byproduct of cysteine metab-
olism and a feature of the transsulfuration metabolic pathway 
(Figure 3A). While this diet-induced inhibition has been well 
documented in the livers of HFD-fed mice (22), we observed an 
approximate 50% reduction in H2S synthesis within the brains of 
HFD-fed tumor-bearing mice (Figure 3B). We began our investiga-
tion into H2S and glioma by analyzing data curated by The Cancer 
Genome Atlas (Figure 3, C–E) and the Chinese Glioma Genome 
Atlas (Supplemental Figure 5, A–C) to ascertain whether the 
expression of H2S synthesizing enzymes correlated with various 
types of glioma. Both data sets indicated that patients with GBM 
present with the lowest average expression of CBS and MPST, 
whereas the mRNA expression of CGL remains intact. Impor-
tantly, despite stable CGL transcript expression, recent work 
confirmed that the enzymatic function of both MPST and CGL 
was suppressed across multiple grades of astrocytoma and was 
entirely nonfunctional in the context of GBM (29). These findings 
suggest a tumor-suppressive role for H2S insofar as the shutdown 
of H2S synthesis confers a growth advantage to various patholo-
gies within the glioma family (28). To test the hypothesis that H2S 
serves as a tumor suppressor specifically for GBM, we assessed 
the proliferation of cultured GBM cells treated with the potent and 
selective CGL inhibitor propargylglycine (PAG). Treatment with 
PAG inhibited H2S production in each of the syngeneic GBM mod-
els (Supplemental Figure 5D). Further, inhibition of H2S synthesis 
induced hyperproliferation (Figure 4, A–D) and protected against 
the cytotoxic effects of the standard-of-care chemotherapeutic 
temozolomide compared with vehicle controls (Supplemental 
Figure 5E). Because inhibition of H2S synthesis drove GBM cell 
proliferation, we reasoned that H2S replacement should suppress 
GBM tumor cell growth. We compared the in vitro IC50 value for 
sodium hydrosulfide (NaHS), a potent and fast-acting H2S donor, 
as well as for GYY 4137, a slow-releasing H2S donor, using multi-
ple syngeneic and patient-derived GBM models and 2 liver cancer 
control cell lines (HepG2 and NCTC 1469) (Figure 4, A, E–G, and 

consistent with heavy consumption of a saturated fat–based diet. 
As ceramide lipids have a strong association with cellular stress 
(37, 38), which is commonly induced within the caustic growth 
zones (39, 40) of GBM, we omitted these species from our anal-
ysis. Based on this nontargeted lipid assessment, we concluded 
that HFD consumption induced accumulation of saturated fats 
within the brain and tumor microenvironment of HFD-fed ani-
mals. This nonstandard lipid accumulation, in turn, may have 
contributed to the hyperaggressive disease that presented in 
these animals. Rather than narrow our study to the function of 
an individual lipid, we hypothesized that increased proliferation, 
CSC phenotype induction, and/or CSC selection and expansion 
were driven by overall saturated lipid accumulation.

To test whether excess saturated lipid might increase tumor 
cell proliferation and self-renewal, we supplemented the standard 
growth media employed for the syngeneic GBM models with the 
mono- or di-unsaturated fatty acids oleic or linoleic acid. We then 
compared cellular growth and self-renewal in the presence of exog-
enous fatty acid with growth under control conditions. GBM cells 
grown in excess lipid were induced into a state of hyperprolifera-
tion (Figure 2, D and G) and exhibited increased self-renewal (Fig-
ure 2, E and F). Thus, in accordance with our hypothesis, we con-
cluded that excess saturated lipid was acting directly on tumor cells 
and contributing to the enhanced GBM progression and increased 
CSC frequency observed in the context of HFD consumption.

While these findings indicated that saturated fats work direct-
ly on tumor cells, they did not rule out the possibility that lipid 
accumulation within the HFD-fed brain may have established 
an environment that selected for one or multiple stem-like pop-
ulations. Our lipidomic profiling revealed a host of species that 
accumulated in the brains of HFD-fed animals regardless of the 
presence of a tumor. This finding reinforced the idea that long-
term HFD consumption might shift the overall nutrient landscape 
of the brain, introducing a selective pressure for the enrichment 
of stem-like cells with an enhanced ability to forage and metab-

Figure 1. High-fat diet consumption drives CSC enrichment and acceler-
ates glioblastoma progression. (A) In vivo experimental design employed 
to test whether HFD consumption modifies GBM progression. (B–D) For 
the syngeneic GBM models CT2A and GL261, as well as the patient-derived 
GBM model hGBM 23, Kaplan-Meier survival analysis confirmed significant 
truncation of overall survival under conditions of HFD consumption com-
pared with consumption of control diets. P values determined by log-rank 
survival analysis and experimental group (n) size noted above. (E–G) In vivo 
limiting dilution analysis was performed for the 3 syngeneic GBM models 
CT2A, GL261, and KR158. For each model, tumors were initiated using 
50,000, 20,000, 15,000, 10,000, and 5000 cells per animal. P values were 
determined using the Walter and Eliza Hall ELDA portal (60) comparing the 
total number of endpoint animals in the HFD group versus the control diet 
group at the conclusion of each set of experiments. (H and I) Representa-
tive immunofluorescence micrographs of the CSC population observed in 
the GBM tumor microenvironment under HFD- versus chow-fed conditions. 
Scale bars: 75 μm. The CSC-associated transcription factor SOX2 was 
visualized in red; MCM2, visualized in green, identified the bulk tumor cell 
population; and nuclei were visualized in blue using DAPI. (J) SOX2 fluores-
cence intensity, normalized to the MCM2 fluorescence intensity, allowed 
us to measure CSC enrichment within the tumor microenvironment. Each 
dot represents the fluorescence intensity of the SOX2 signal divided by 
the fluorescence intensity of the MCM2 signal for each image. P value 
determined by unpaired t test.
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not diet, is the predominant clinical variable that is collected and 
used as an epidemiological benchmark, we wanted to understand 
the degree to which obesity contributed to GBM acceleration sep-
arate from HFD consumption. We therefore turned to the LepOB 
mutant mouse, which exhibits many of the hallmark physiologi-
cal features of metabolic syndrome, including obesity (Supple-
mental Figure 7, A and B), as a result of hyperphagic consumption 
of standard rodent chow. We compared the overall survival of 
tumor-bearing LepOB mice and C57BL/6J mice, both fed a con-
trol, low-fat diet. Under conditions of obesity but in the absence 
of HFD, no GBM acceleration was observed. Overall survival was 
not significantly different between tumor-bearing LepOB and 
C57BL/6J mice (Supplemental Figure 7C). Further, analysis of 
the excised endpoint tumors revealed identical capacities for H2S 
production (Supplemental Figure 7D). Thus, inhibition of H2S syn-

Supplemental Figure 6). We observed that patient-derived GBM 
cell viability was suppressed to a far greater degree than that of 
the mouse GBM or control liver cancer cell lines. These data sup-
port the conclusion that H2S is a diet-modifiable tumor suppressor 
of GBM. Additionally, these data suggest that HFD consumption 
sufficiently depleted this tumor suppressor, such that the HFD-fed 
mice experienced a hyperaggressive presentation of the disease.

HFD consumption but not obesity drives GBM acceleration. 
There are a number of cancers, including hepatocellular carcino-
ma (HCC), that are accelerated by HFD consumption but also by 
the metabolic state that accompanies obesity regardless of diet 
(33, 34, 42). Our experimental animals were primed with HFD for 
2 weeks prior to tumor introduction; however, their body fat per-
centage did not reflect obesity (≥25%) until much later (~3 weeks) 
in the experiment (Supplemental Figure 3B). Because obesity, and 

Figure 2. Consumption of HFD drives intracerebral lipid accumulation, promoting tumor cell viability and self-renewal. (A) Heatmap representing 
the top 10 most abundant and the bottom 10 least abundant lipids of 216 total lipid species identified by untargeted lipidomic analysis. Four groups 
(HFD-fed, tumor-bearing hemisphere; HFD-fed, contralateral hemisphere; chow-fed, tumor-bearing hemisphere; and chow-fed, contralateral hemi-
sphere) were compared; n = 5 specimens per group. Heatmap data were normalized to the chow-fed, contralateral hemisphere group. Two modes of 
lipid enrichment were noted. (B) Four saturated lipid species, including phosphatidylglycerol (PG) 36:0, were identified specifically within the tumors of 
the HFD-fed animals. P value determined by 1-way ANOVA. (C) Nine mono- or di-unsaturated lipid species, including PG 36:2, were identified within the 
HFD-fed brain and tumor. P value determined by 1-way ANOVA. In vitro treatment of either (D) KR158 or (G) CT2A with the mono-unsaturated fatty acid 
oleic acid 18:1 increased tumor cell viability in a dose-dependent manner. P value determined by 2-way ANOVA. (E and F) In vitro limiting dilution analysis 
conducted with KR158 indicated self-renewal enhancement resulting from exposure to excess oleic or linoleic acid. P values were determined using the 
Walter and Eliza Hall ELDA portal (60).
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thesis, which accelerated GBM progression, required HFD con-
sumption, and the metabolic profile associated with obesity was 
not sufficient to drive hyperaggression in GBM.

Enhanced cellular metabolism results from H2S inhibition. To this 
point, we focused exclusively on experimental animals held under 
precisely controlled dietary conditions. Given this degree of con-
trol, we observed robust attenuation in the enzymatic production 
of H2S (Figure 3B). The degree to which H2S suppression translates 
to the human condition and the function that inhibition might 
serve remains a critical and unresolved question. To address this 
question, we collected and analyzed tissues from 5 patients with 
GBM and 5 noncancerous control brain specimens that had been 
flash frozen at the time of isolation. Initial examination for the 
ability to produce H2S revealed that GBM tissue produced approx-
imately 50% of this critical tumor suppressor compared with 
the level observed in noncancerous control tissues (Figure 5A). 
Leveraging a modified biotin thiol assay to isolate S-sulfhydrat-
ed proteins coupled to protein mass spectrometry–based analy-
sis, we further analyzed these specimens to generate differential 
cancer versus noncancer S-sulfhydrome profiles. Consistent with 
the reduced H2S production, we noted a dramatic decrease in the 

number of S-sulfhydrated proteins within the GBM specimens 
compared with controls (Figure 5B). S-sulfhydration loss affected 
more than 400 discrete proteins (Supplemental Table 2) mecha-
nistically involved in multiple molecular pathways. We then strat-
ified the S-sulfhydrated protein landscape into biochemical path-
ways using KEGG pathway analysis (Figure 5C). In the context of 
GBM, protein S-sulfhydration was dysregulated across multiple 
metabolic pathways. Carbon metabolism, pyruvate and amino 
acid metabolism, oxidative phosphorylation, and glycolysis were 
all significantly impacted through the loss of H2S signaling. Nota-
bly, we also observed depletion of S-sulfhydrated proteins (Sup-
plemental Figure 5F and Supplemental Table 3) from syngeneic 
tumors isolated from the brains of HFD-fed mice compared with 
samples isolated from chow-fed control animals. In order to test 
whether H2S inhibition results in functional metabolic reprogram-
ing, we examined tumor cell energetics in the context of chemical 
inhibition of H2S production using the Agilent Seahorse Analyzer. 
We administered either the CGL-selective inhibitor PAG or vehi-
cle to the syngeneic GBM models CT2A or KR158. After 3 consec-
utive passages in the presence of PAG or vehicle, we evaluated 
metabolic output before and after secondary administration of  

Figure 3. HFD and gliomagenesis inhibit H2S production. (A) Schematic detailing the generation of H2S as a byproduct of cysteine metabolism associated 
with MPST activity and the transsulfuration pathway. (B) H2S production analysis indicates that HFD consumption results in decreased H2S synthesis in 
the tumors of HFD-fed mice compared with tumors isolated from mice fed a control diet. Each well contains tumor tissue homogenate from separate and 
distinct experimental animals. P values determined by unpaired t test. (C and D) Human patient data curated by The Cancer Genome Atlas Low-Grade 
Glioma and GBM data set indicate that patients with GBM present with the lowest average expression of the H2S-generating enzymes CBS and MPST. 
(E) While the mRNA expression of CGL remained stable across glioma subtype, previously published biochemical analysis confirmed that this enzyme is 
nonfunctional in the context of GBM.
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5 μM oleic acid. For both GBM models, long-term inhibition of H2S 
synthesis increased bioenergetics measured both by oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) 
(Figure 5, D–G). These data support the conclusion that loss of 
H2S synthesis and signaling result in significant elevation of cel-
lular metabolic function both at resting state and after exposure 
to the monounsaturated fat oleic acid. Taken together, these data 
indicate that loss of S-sulfhydration results in a broad-spectrum 
molecular reprogramming that enhances metabolism and bioen-
ergetics, enabling the tumor to capitalize on the accumulating sat-
urated fats that collect as a result of HFD consumption.

H2S replacement arrests GBM progression in vitro and in vivo. 
The connection between H2S production and diet has been well 
established in fields outside of cancer biology (43), and a partial 
mechanism by which HFD consumption inhibits H2S synthesis 

was recently described (21). In epithelial and endothelial tissues 
such as the liver, kidneys, and vasculature, HFD consumption 
resulted in decreased expression of critical H2S-synthesizing 
enzymes. Loss of enzyme expression and/or function resulted in 
decreased H2S synthesis and attenuation of protein S-sulfhydra-
tion. The precise mechanism by which saturated lipids directly 
regulate the expression of these key proteins remains unknown. 
To assess whether this potential mechanism was active in the 
brain in our in vivo experiments, we analyzed the protein expres-
sion of H2S-synthesizing enzymes and found that tumor-bearing 
mice fed a HFD presented a significant reduction in the protein 
expression of CBS compared with controls (Figure 6A). To more 
firmly establish a causal link between high-fat conditions and H2S, 
we performed in vitro rescue experiments in which we attempt-
ed to rescue the hyperproliferation induced by oleic acid by H2S 

Figure 4. Inhibition of H2S production results in GBM tumor cell hyperproliferation. (A) Schematic detailing how each chemical agent modifies production 
of H2S. (B–D) CellTiter Glo viability analysis confirmed that in vitro treatment with the CGL-selective inhibitor PAG increased GL261, KR158, and CT2A tumor 
cell viability compared with vehicle controls. P value determined by 2-way ANOVA. (E–G) H2S supplementation using the chemical donor sodium hydrosulfide 
(NaHS) or GYY 4137 resulted in selective viability reduction for human (hGBM 23) tumor cells compared with the non-GBM (NCTC 1469) liver cell line. IC50 val-
ues were determined based on nonlinear regression analysis. While representative IC50 curves for hGBM 23 and NCTC 1469 are depicted here, IC50 concentra-
tions were determined for a total of 3 human GBM specimens, 2 syngeneic GBM specimens, and 2 non-GBM cell lines (Supplemental Figure 6).
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tration of the chemical H2S donor NaHS. Specifically, in vivo H2S 
rescue resulted in stable tumor volume over time when compared 
with vehicle controls, which continually expanded throughout 
the experiment (Figure 6F). Further, H2S administration mark-
edly reduced the protein expression of the CSC-associated factor 

replacement. Using 2 dosages, exogenous H2S was able to temper 
or completely abrogate lipid-induced hyperproliferation (Figure 
6, B–E). Additionally, when we applied a similar experimental 
manipulation to tumors developing in vivo, we were encouraged 
to see that GBM tumor development was halted by daily adminis-

Figure 5. Gliomagenesis induces 
significant loss in H2S synthesis and 
signaling primarily associated with 
cellular metabolism. (A) Analysis of H2S 
production confirms that human GBM 
tumors produce a lower amount of H2S 
than noncancerous control brain tissues. 
Each well contains brain or tumor tissue 
homogenate from separate biopsy spec-
imens. P values determined by unpaired 
t test. (B) Volcano plot representing the 
LC-MS S-sulfhydration analysis reveals 
striking deficits in the posttranslational 
H2S signaling profile of human GBM as 
compared with noncancerous human 
brain tissue. (C) KEGG pathway analysis 
of the proteins that have undergone 
S-sulfhydration loss in the context of 
GBM identifies a broad-spectrum molec-
ular reprogramming centered on GBM 
tumor cell metabolism. Inhibition of H2S 
synthesis drives cultured GBM cells into 
a state of enhanced cellular energetics. 
Long-term culture of the syngeneic 
GBM models KR158 and CT2A with PAG 
resulted in increased metabolic fitness 
and cellular energetics when compared 
with vehicle control conditions. Enhanced 
metabolism was evident at baseline and 
persisted after introduction of the fatty 
acid substrate oleic acid. Assessments of 
cellular metabolism and energetics were 
based on mitochondrial respiration (D 
and F), measured by the rate of oxygen 
consumption (OCR) as well as cellular 
glycolysis (E and G), measured by the 
extracellular acidification rate (ECAR). 
Seahorse Analyzer experiments were 
conducted in biological triplicate.  
P values determined by 2-way ANOVA.
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incurable cancer. Additionally, these investigations clarify how 
H2S acts as a potent, nongenetic tumor suppressor, regulating cel-
lular metabolism in order to resist GBM tumor cell proliferation 
and the emergence of the CSC phenotype.

SOX2 (Figure 6G). More broadly, these findings mechanistically 
link HFD consumption to the loss of GBM-suppressive H2S and 
also provide proof of concept for H2S replacement as a potential 
and unexplored treatment/management strategy against this 

Figure 6. In vitro and in vivo rescue experimentation links H2S to HFD and validates its tumor suppressive function. To establish a clear connection 
between high-fat conditions and H2S, we investigated the protein expression of critical H2S-synthesizing enzymes. Protein analysis (A) confirmed a signifi-
cant decrease in the protein expression of the H2S-synthesizing enzyme CBS in the context of high-fat feeding. In vitro rescue experiments using 2 concen-
trations of the H2S donor NaHS were performed while tracking cellular proliferation in real-time in the syngeneic GBM models KR158 (B and C) and CT2A 
(D and E). For these experiments, standard growth medium was supplemented with the following treatments: 5 μM oleic acid; vehicle; 200 μM or 500 
μM NaHS; and 5 μM oleic acid + 200 μM or 500 μM NaHS. All in vitro experiments were conducted in biological triplicate. P values determined by 2-way 
ANOVA coupled to Dunnett’s multiple comparison test. Last, in vivo rescue (F) was demonstrated using flank hGBM 23 tumors that were established and 
treated daily with either the chemical H2S donor NaHS or vehicle. For these experiments, treatment was initiated once the flank tumors could be palpated 
and accurately measured for volume. Protein analysis (G) of endpoint flank tumors confirmed that H2S replacement resulted in marked reduction in the 
expression of SOX2.
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34); however, the connection between gliomagenesis and obesity 
has been inconsistent. For example, the recent completion of a 
massive meta-analysis leveraging clinical data from more than 
10 million subjects led to the conclusion that overweight (BMI: 
25–30 kg/m2) and obese (BMI > 30 kg/m2) statuses represent a 
risk factor for glioma development specifically for women (44). 
However, other reports fail to substantiate this finding (45, 46). 
Our own data indicate that HFD and not obesity functions as a 
GBM accelerant (Supplemental Figure 7). In combination with 

Discussion
These findings confirm that HFD consumption accelerates and 
intensifies GBM in the preclinical experimental setting. The 
degree to which this finding extends to the human clinical condi-
tion remains an open question. As long-term dietary patterns are 
not accounted for as a variable in most clinical settings, epidemi-
ological studies primarily question whether obesity, as measured 
by body mass index (BMI), represents a risk factor for GBM initi-
ation. Such a link has been demonstrated for several cancers (33, 

Figure 7. Consumption of HFD inhibits the tumor-suppressive activity of H2S, driving CSC enrichment and progression in GBM. Our findings indicate that 
HFD consumption serves as an accelerant for GBM. HFD consumption drives accumulation of saturated, mono-and di-unsaturated fats within the brain. 
This lipid excess inhibits H2S production, which results in a wide-ranging attenuation of S-sulfhydration centered on tumor metabolism regulators. These 
linked intrinsic and extrinsic changes within the tumor result in the expansion of treatment-refractory CSCs, increased tumor cell proliferation, protection 
from necrotic cell death, and truncated overall survival.
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of tumor cells present a propensity for metabolic adaptability. A 
recent study of glucose starvation in GBM confirmed that while 
the bulk of the malignant population, made up of non–stem tumor 
cells, was clearly dependent on glucose, CSCs were metabolically 
plastic. They were uniquely capable of adapting to multiple met-
abolic substrates (12–14, 55), especially favoring fatty acid oxida-
tion in the context of glucose starvation. While this strategy effec-
tively eliminated the glucose-dependent non–stem tumor cell 
population, GBM CSCs bypassed this metabolic dependency and 
expanded into the treatment-induced vacancy (16). Consistently, 
we found that HFD consumption altered the nutrient landscape 
of the brain, specifically resulting in intracerebral accumulation 
of saturated lipids. As seen in the liver, this lipid excess inhibited 
H2S production and signaling, in turn driving CSC enrichment and 
disease acceleration. These findings caution against the use of the 
ketogenic diet as a long-term GBM management tool. The keto-
genic diet represents a selective pressure, similar to a targeted che-
mo-, radio-, or immunotherapy. The inherent heterogeneity, com-
plexity, and adaptability of GBM will ultimately drive the evolving 
tumor to sidestep any singular selective pressure.

Our findings also highlight a posttranslational modification 
that is profoundly altered in GBM and has received very little 
attention. H2S and S-sulfhydration have been a focus of research 
in the aging (56, 57), neurodegeneration (23), and metabolism 
fields; however, there is very little known about this metabolite 
in GBM tumors (28, 29). Our work reinforces the concept of H2S 
signaling as a tumor suppressor for GBM while simultaneously 
introducing numerous questions about the mechanisms by which 
this is achieved. One question, for example, is: What is the mech-
anism responsible for H2S signaling attenuation in GBM? Previ-
ous work established that attenuation of synthesis resulted from 
downregulation of CGL, CBS, and MPST. HFD consumption can 
decrease the expression of these enzymes at the protein level. Our 
work in the brain (Figure 6A) and previous work in the liver (22) 
identify H2S synthesizing enzyme downregulation; however, not 
all patients with GBM are long-term consumers of HFD. Synthesis 
attenuation can also result from enzyme loss of function. This has 
been confirmed in human GBM (29) but is not yet explained at the 
molecular mechanistic level. An additional question is: By what 
mechanism does loss of S-sulfhydration drive GBM progression? 
Here, it is worth noting that the functional consequences of S-sulf-
hydration have only been reported for a limited number of pro-
teins. In a recent review, the functional changes that resulted from 
S-sulfhydration were highlighted for 43 cysteine residues present 
within only 25 total proteins (24). Thus, at this point, we can only 
speculate on the molecular changes that connect the loss of H2S 
signaling to increased tumor bioenergetics. A preliminary in sili-
co examination revealed 3 metabolism-associated proteins: fatty 
acid–binding protein 3 (FABP3), enoyl-CoA hydratase 1 (ECH1), 
and ATP synthase peripheral stalk subunit OSCP (ATP5O), which 
established a presumptive signaling pathway that can be tested in 
the future for its capacity to increase metabolic fitness and fatty 
acid utilization based on the loss of S-sulfhydration (Supplemental 
Table 2). If loss of S-sulfhydration on these 3 proteins conferred 
enzymatic gain of function, then FABP3 would more effective-
ly channel fatty acids into the cytosol of GBM tumor cells, ECH1 
would enhance the lipid β-oxidation cycle, and ATP5O may 

the H2S suppression reported here, it is worth noting that other 
diet-associated changes, such as hyperglycemia (47) and hyper-
insulinemia (48), have been associated with GBM acceleration. 
Given the variety of compensatory mechanisms that maintain 
euglycemia, even long-term consumption of HFD rarely results 
in significant hyperglycemia (confirmed by the The Jackson Lab-
oratory Mouse Phenome Database, Jaxpheno11). Severe hyper-
insulinemia can present as early as 4 to 6 weeks on HFD as the 
pancreas overproduces insulin to overcome tissue insulin resis-
tance. Based on these findings, it is conceivable that patients who 
consume a HFD long-term could experience a hyperaggressive 
disease trajectory and/or present disease that is more adaptable 
and therefore more challenging to treat. Recently, a diet-focused 
meta-analysis of 1.2 million subjects was presented involving 
self-reported dietary patterns. Once again, investigators were 
limited to interrogating this data set for risk factor identification, 
concluding that no specific diets served as risk factors for GBM 
initiation (46). Including factors such as progression-free survival 
and long-term dietary pattern will help clarify the degree to which 
obesogenic diets modulate the course of human GBM. Based on 
that additional level of understanding, we will be better able to 
evaluate diet as a prognostic indicator and manage our expecta-
tions for using diet as a tool to manage disease.

Our findings on HFD-induced adult cytogenesis (Supple-
mental Figure 4) suggest that HFD may facilitate GBM develop-
ment through 2 non–mutually exclusive mechanisms. First, HFD 
consumption resulted in the expansion of the endogenous NSPC 
population, which has been identified as a potential cell of origin 
for GBM (49, 50). Combined with the right set of mutagenizing 
events, the presence of this more abundant and potentially vul-
nerable cell pool may lower the threshold required for malignant 
transformation and tumorigenesis. Second, it is conceivable that 
a subpopulation of NSPCs may be drawn into an evolving tumor, 
proximal to the SVZ to provide protection and support. This sup-
port may involve the production of oncogenic secreted factors and/
or metabolites, which can then be used by the developing GBM. 
In support of this hypothetical NSPC-GBM interaction, multiple 
groups have demonstrated that exogenous NSPCs home to and 
infiltrate the GBM tumor microenvironment (43, 51). Additional 
investigations have substantiated that endogenous neural stem 
cells and their progeny migrate toward regions of CNS damage in 
response to ischemia (52, 53). While these efforts have primarily 
focused on this NSPC-to-GBM tropism as a therapeutic opportu-
nity, it is equally possible that the tumor capitalizes on these inter-
actions to drive tumorigenesis.

There are interesting overlaps between this study and work 
on the ketogenic diet as an anti-GBM intervention. Both lines of 
research embrace the idea that diet might have profound effects 
on the trajectory of disease. The ketogenic diet, which is com-
monly employed against epilepsy, is typically formulated as an 
extremely high-fat (90%), low-carbohydrate (5%) diet. Recent-
ly, it has been hypothesized that the glucose deprivation that 
results from strict adherence to the ketogenic diet might enable 
long-term GBM management by starving these tumors of their 
preferred metabolic substrate (31, 54). Unfortunately, a synthesis 
of recent work on GBM metabolism confirms that these tumors 
are not strictly dependent on glucose. Instead, subpopulations 

https://www.jci.org
https://doi.org/10.1172/JCI138276
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd
https://www.jci.org/articles/view/138276#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(17):e138276  https://doi.org/10.1172/JCI1382761 2

data (Figure 6), currently available donors and inducers fall short 
of these standards. Nonetheless, we suggest that pursuing strat-
egies to induce intracerebral H2S production and signaling may 
serve to limit GBM metabolic enhancement, making the disease 
a more receptive target for cytotoxic therapies.

In conclusion, we have demonstrated that consumption of an 
obesogenic HFD resulted in a shift in the nutrient profile of the 
brain. The resulting attenuation of tumor-suppressive and metab-
olism-suppressive H2S enabled adaptation to this lipid excess. 
These fundamental changes within the brain and tumor microen-
vironment induced CSC enrichment, heightened chemotherapy 
resistance, and accelerated GBM progression (Figure 7).

increase a cell’s capacity for oxidative phosphorylation. Gain of 
function for these 3 proteins is consistent with functional changes 
that result from S-sulfhydration of factors that regulate metabo-
lism and mitochondrial fitness (24). A final question is: Could 
this nontraditional, nongenetic tumor suppressor be replaced or 
supplemented in conjunction with standard of care to better man-
age GBM in human patients? There are a variety of chemical H2S 
donors, pharmaceutical H2S inducers, and diets that drive endog-
enous H2S production. A major challenge here will be one of bio-
availability. For an H2S replacement strategy to work, the metabo-
lite must be relatively stable and able to penetrate into the brain. 
While we are encouraged by our in vivo and in vitro H2S rescue 

Table 1. Experimental reagents

Reagent Vendor Catalog number Working concentration
1 DMEM/F12 growth media Cleveland Clinic Media Preparation Core 13-500
2 Penicillin-streptomycin Cleveland Clinic Media Preparation Core 725-100 100 U/mL
3 N-2 supplement (100X) ThermoFisher Scientific 17502048 1X
4 rhEGF StemCell Technologies 78006 10 ng/mL
5 rhFGF StemCell Technologies 78003 10 ng/mL
6 Geltrex ThermoFisher Scientific A1413202 100 μL Geltrex in 50 mL DMEM/F12
7 Accutase StemCell Technologies 7920
8 Phosphate buffered saline Cleveland Clinic Media Preparation Core 121-500
9 Fetal bovine serum Gibco 26140 10% in DMEM/F12
10 Female C57BL/6J mice Jackson Laboratories 000664
11 Female NOD Scid mice Jackson Laboratories 001303
12 Female LepOB mice Jackson Laboratories 000632
13 High-fat diet Research Diets D12492
14 Control diet Research Diets D12450J
15 Insulin syringe Becton − Dickinson 31036/BD
16 37% formaldehyde Sigma-Aldrich F1635 4% in PBS
17 Sucrose ThermoFisher Scientific S5-3 30% in PBS
18 Tissue-Tek OCT compound Electron Microscopy Sciences 62550
19 Rabbit anti-MCM2 Abcam ab108935 1/1000
20 Goat anti-SOX2 R&D Systems AF2018 1/1000 immunofluorescence
21 Mouse anti-SOX2 R&D Systems MAB 2018 1/1000 protein analysis
22 Rabbit anti–human nestin Millipore ABD69 1/1000
23 Mouse anti–human nestin StemCell Technologies 60091 1/200
24 Rabbit anti–phospho histone H3 Cell Signaling 9701S 1/100
25 Mouse anti-CBS Invitrogen MA5-17273 1/1000
26 Rabbit anti-GAP43 Cell Signaling 8945S 1/1000
27 Donkey anti-rabbit, Alexa Fluor 488 Invitrogen A21206 1/500
28 Donkey anti-sheep, Alexa Fluor 555 Invitrogen A21436 1/500
29 Goat anti–rabbit IgG StarBright Blue 700 Bio-Rad 12004161 1/5000
30 Goat anti–mouse IgG HRP EMD Millipore AP308P 1/2000
31 hFAB rhodamine anti–β actin Bio-Rad 12004163 1/2000
32 Hoechst 33342 Life Technologies C10338 1/3000
33 Oleic acid Cayman Chemical Company 90260 10–100 μM
34 Linoleic acid Cayman Chemical Company 90150 10–100 μM
35 Fatty acid free BSA Sigma-Aldrich A7030 3% in PBS
36 Cell Titer Glo viability assay Promega G7570
37 DMSO Sigma-Aldrich 41639 0.1% (vol/vol) in PBS
38 Propargylglycine Cayman Chemical Company 10010948 100 nM–10 μM
39 NaHS Cayman Chemical Company 10012555 10–500 μM
40 GYY 4137 Cayman Chemical Company 13345 10–500 μM
41 TMZ Santa Cruz Biotechnologies sc-203292 400 μM
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In vivo H2S rescue. These experiments were designed to compare 
a saline-treated (vehicle) control group with an NaHS-treated exper-
imental group, both leveraging a sample size of 8 animals. hGBM 23 
cells (1.0 × 106), suspended in 100 μL DMEM/F12 were injected into 
the subcutaneous space along the animal’s right rear flank. Tumors 
developed unimpeded over the course of the following 4 to 5 weeks to 
the point where a small, palpable, and visually clear mass developed. 
Digital caliper measurement of tumor length and width was collected 
every other day for a period of 11 days. Tumor volume was calculated 
according to the formula for an ellipsoid solid listed below. Animals 
received daily injections of either 5 mg/kg NaHS (solubilized in ster-
ile saline) or vehicle directly into the developing tumor. Animals were 
anesthetized with 2% isoflurane in O2(gaseous, g) to ensure accurate 
measurement and precise control over the injection. The experiment 
was terminated, in accordance with Cleveland Clinic Lerner Research 
Institute IACUC policy, when the first set of control animals developed 
2 cm3 tumors. At that point, tumors were harvested and flash frozen in 
N2(liquid, l) for downstream protein analysis.

   Equation 1

Tissue preparation and immunofluorescence analysis. At the exper-
imental endpoint, animals were subdivided into 1 of 2 possible tissue 
preservation and harvesting modalities. Approximately 30% of end-
point animals were anesthetized and subjected to cardiac perfusion 
with 4% formaldehyde in PBS. The brain was removed and post-fixed 
overnight. The tissue was then cryoprotected with sequential treat-
ments first in a solution of 30% sucrose in PBS and then in a 1:1 mix-
ture of 30% sucrose (in PBS)/OCT. Finally, the tissue was embedded 
in OCT, and 20 μm coronal sections were prepared for subsequent 
immunofluorescence analysis using standard protocols. The specific 
antibodies used can be found in Table 1. In all cases, primary anti-
bodies were coupled with appropriate Alexa Fluor 488– or Alexa Fluor 
555–conjugated secondary antibodies. Nuclei were visualized using 
either DAPI or Hoechst 33342. The stained sections were mounted 
onto slides, coverslipped, and examined using an inverted Leica SP8 
confocal microscope.

To quantify the tumor microenvironment, tissue was examined 
from 3 separate animals per diet. For a given animal, 15 representative 
images were captured (5 images × 3 tumor-bearing sections). From the 
45 representative images captured per diet, one necrotic site was iden-
tified within the HFD group as compared with 39 sites identified under 
control conditions. For a given animal, 12 representative images were 
captured (4 images × 3 tumor-bearing sections). 

The remaining 70% of endpoint animals were anesthetized and 
subjected to cardiac perfusion with PBS. The brain was dissected 
away from the calvarium and bisected along the midline, generat-
ing a pair of matched samples: the tumor-bearing hemisphere and 
the contralateral, healthy control hemisphere. Labeled samples were 
immediately flash frozen in liquid nitrogen and stored at –20°C until 
downstream tissue analysis.

Untargeted mass spectrometry-based lipidomic analysis. To char-
acterize the lipid landscape of the HFD- versus chow-fed brain and 
tumor, we employed a mass spectrometry-based shotgun lipidomic 
analysis method that enables identification of multiple structurally 

Methods
For detailed reagent purchasing and use instructions, please refer 
to Table 1.

Cell culture. The patient-derived GBM models hGBM 23, hGBM 
124, hGBM 3832, and hGBM 3691, and the syngeneic mouse GBM 
models CT2A and KR158 were propagated under adherent culture con-
ditions. Single-cell suspensions of 50,000 cells/mL were suspended in 
DMEM/F12 media enriched with N2 Supplement, recombinant human 
epidermal and fibroblast growth factors (rhEGF and rhFGF), and peni-
cillin-streptomycin, and seeded into Geltrex-coated culture flasks.

The syngeneic mouse GBM model GL261 and the liver cancer 
control models HepG2 and NCTC 1469 were propagated under adher-
ent culture conditions in DMEM/F12 supplemented with 10% FBS 
and penicillin-streptomycin.

For all cellular models, complete media including supplements 
were exchanged every other day until the cultures reached 85%–90% 
confluence. Cultures were passaged weekly using Accutase (StemCell 
Technologies, catalog 7920). PBS was used to wash, quench, and col-
lect cells before replating. Cells were grown and maintained in humid-
ified incubators held at 37°C and 5% CO2.

The patient-derived GBM models hGBM 23 and hGBM 124 were 
obtained from Erik Sulman (New York University, New York, New 
York, USA). The patient-derived GBM model hGBM 3691 was obtained 
from Jeremy Rich (University of Pittsburgh, Pittsburgh, Pennsylvania, 
USA). The syngeneic GBM models CT2A and KR158 were obtained 
from Loic Deleyrolle (University of Florida, Gainesville, Florida, USA).

Differential diet and intracerebral tumor cell implantation. For 
comparative survival studies concerning high-fat versus control diets, 
4-week-old female mice were purchased from Jackson Laboratories. 
Based on the patient epidemiological data, which indicated that over-
weight and obese statuses correlate with increased risk of gliomagen-
esis in women only, we elected to perform these in vivo studies exclu-
sively in female mice. Mice were subdivided into 2 groups: a HFD-fed 
group and a control diet–fed group. For the syngeneic mouse models, 
C57BL/6J mice were used, and the control group was fed standard 
rodent chow. For the patient-derived GBM model, NOD-SCID mice 
were employed, and the control group was fed a low-fat, energy-bal-
anced diet. Differential diets were introduced 2 weeks prior to tumor 
cell implantation and maintained throughout the postimplantation 
survival period. Diet was completely exchanged once per week to pre-
vent spoilage. For tumor cell implantation, 6-week-old, diet-primed 
mice were anesthetized using inhaled isoflurane (2%–2.5%) and fit 
to a stereotaxic apparatus. Using an insulin syringe secured to a large 
probe holder, the 31-gauge needle was passed directly through the 
scalp and skull approximately 0.5 mm rostral and 1.8 mm lateral to 
the bregma. The needle was lowered 3.5 mm beneath the surface of 
the scalp, where a specific number of cells (50,000; 20,000; 15,000; 
10,000; 5000) suspended in 5 μL DMEM/F12 was slowly injected. 
The needle was held in place an additional 60 seconds before a slow 
and measured removal. Based on initial power calculations, a sample 
size of 10 animals per diet (n = 10/group) was used for the syngeneic 
models CT2A and KR158 for each cell dose. For the syngeneic mod-
el GL261, a sample size of 16 animals per diet, per cell dose (n = 16/
group) was used. Animals were monitored over time for changes in 
body mass, fat-to-lean mass composition using EchoMRI, and the pre-
sentation of the set of neurological and behavioral symptoms associat-
ed with end-stage brain cancer (Figure 1A).
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NaHS was solubilized in D-PBS at the time of experimental setup. 
GYY 4137 was solubilized in 100% ethanol and stored at –20°C. A total 
of 1000 cells/well was plated in white-walled, Geltrex-coated 96-well 
plates. Five technical replicates were plated per H2S donor concentra-
tion. Wells were then supplemented with either NaHS or GYY 4137 at 
the following concentrations: 10 μM, 25 μM, 50 μM, 75 μM, 100 μM, 
and 500 μM, along with appropriate vehicle controls. Following the 
manufacturer’s instructions, cellular viability was determined using 
the CellTiter Glo assay after 5 days of incubation. Each of these exper-
iments was repeated in triplicate. Points represent the mean ± SEM, 
taking all experimental replication into account.

Seahorse metabolic analysis. Prior to analysis, either the CGL- 
selective inhibitor DL-PAG or vehicle was applied to the syngeneic GBM 
models CT2A or KR158. After 3 consecutive passages in the presence 
of PAG or vehicle, we evaluated metabolic output using the Agilent 
Seahorse Analyzer before and after the secondary administration of 5 
μM oleic acid, incorporating 10 technical replicates per condition per 
experiment. Standard protocols were followed, including cell plating 
strategy, which included 4 blank wells omitted for background normal-
ization. Each of these experiments was repeated in triplicate. Points rep-
resent the mean ± SEM, taking all experimental replication into account.

Protein analysis. Denatured protein (20 μg) was loaded on 12% 
SDS-PAGE gels, electrophoresed, and transferred onto PVDF mem-
branes. Blots were blocked with 5% BSA in TBS-T, probed with primary 
antibodies (Table 1) and appropriate horseradish peroxidase–conjugat-
ed secondary antibodies, and developed using the Pierce ECL Plus kit 
(Thermo Fisher Scientific) on the Bio-Rad ChemiDoc Imaging System.

Lead acetate/lead sulfide H2S production assay. The endogenous 
H2S production capacity of tissues (and pelleted cells) was measured 
using the lead acetate/lead sulfide method. This method, which we 
adopted without alteration, was originally published by Hine and 
colleagues (56). H2S production was assessed from tumor-contain-
ing specimens collected from HFD- versus control-fed mice, LepOB 
versus C57BL/6J mice, and human GBM versus noncancerous control 
specimens. In brief, prior to assay setup, the protein content of each 
sample was measured using the BCA protocol, enabling an equivalent 
amount of protein to be added to each well of the assay. Chemical 
reaction between the lead acetate embedded within the assay filter 
paper and the H2S produced by the tissue lysate generates a pigment-
ed substrate that can be quantified based on densitometry using the 
Integrated Density function (IntDen) of the ImageJ software package.

Protein S-Sulfhydration landscape analysis. To characterize the S-sulf-
hydration landscape of human GBM tumors and noncancerous control 
tissues, we adopted a multistage biotin thiol–based procedure to isolate 
S-sulfhydrated proteins. Isolated proteins were then identified and quan-
tified using mass spectrometry in collaboration with The Cleveland Clin-
ic Proteomics Core Facility. The complete method, which we employed 
without alteration, was recently described by Bithi and colleagues (61). 
S-sulfhydration profiling data have been uploaded to the ProteomeX-
change Consortium via the PRIDE Partner Repository. Human specimen 
data (Figure 5) were deposited under accession number PXD025902. 
HFD versus control diet–fed mouse specimen data (Supplemental Figure 
5F) were deposited under accession number PXD023685.

Statistics for S-Sulfhydration profiling. Microsoft Excel, GraphPad 
Prism, and OriginPro were used for data analysis and statistics. Mic-
rosoft Excel and GraphPad Prism data are presented here as mean 
± SEM. The difference between 2 groups was analyzed by unpaired 

distinct lipid species. This method, which we adopted without alter-
ation, was originally published by Gromovsky et al. (58) and later opti-
mized by Neumann et al. (59).

Preparation of oleic and linoleic acid. The free fatty acids oleic and 
linoleic acid were delivered to cultured cells bound to BSA. Therefore, 
we initially generated a 3% (mass/vol) fatty acid-free BSA solution 
using D-PBS at room temperature. Oleic acid and linoleic acid were 
solubilized separately in 90% aqueous ethanol, producing a 50 mM 
free fatty acid (FFA) solution. These solutions were then diluted to 50 
nM stock solutions in the 3% BSA solution, aliquoted, and stored at 
−20°C until needed.

Tumor cell proliferation assessment. Proliferation was assessed in 
the contexts of excess oleic and linoleic acid, in the presence of PAG, 
and in response to the exogenous H2S donors NaHS and GYY4137 
using the CellTiter Glo viability assay following the protocol estab-
lished by the manufacturer. A total of 2000 cells/well were plated 
onto Geltrex-coated 96-well plates. BSA-bound oleic and linoleic 
acids were added to the media at the following concentrations: vehicle 
(3% BSA alone), 100 nM, 1 μM, and 10 μM. All conditions were plat-
ed in 5 technical replicates. Readings were taken on the day of plating 
(Day 0) as well as on Days 1, 3, and 5. Cell viability was normalized 
to Day 0 to account for any plating irregularity. Each of these exper-
iments were repeated in triplicate. Points represent the mean ± SEM 
taking all experimental replication into account.

Cellular proliferation was validated under conditions of H2S inhi-
bition through direct cell counting. In this case, 20,000 cells/well 
were plated onto Geltrex-coated 12-well plates. Vehicle (DMSO), PAG 
(solubilized in growth media), or temozolomide (TMZ, solubilized in 
DMSO) was added at the time of plating. All conditions were plated in 
4 technical replicates. Cells were dissociated, collected, and counted 
with an automated hemocytometer 3 days after plating.

Proliferation was monitored and quantified in real-time using the 
Incucyte Live-Cell Analysis System. For these experiments, 5 technical 
replicates of 25,000 cells were plated per condition. Cells were plated 
in standard growth media supplemented with 5 μM OA, fatty acid-free 
BSA vehicle control, 500 μM NaHS (solubilized in growth media), or 5 
μM OA + 500 μM NaHS. Data were captured every 8 hours over a peri-
od of 4 days. Complete media, including supplements, was exchanged 
every 48 hours.

In vitro limiting-dilution analysis (LDA). Extreme LDA was per-
formed to assess self-renewal in the context of excess mono- and 
di-unsaturated lipids. Cells were diluted progressively throughout the 
plate beginning with 100 cells/well across the first row. Subsequent 
dilutions resulted in the delivery of 50, 25, 13, 6, 3, 1, and 0 cells/well. 
Separate plates were prepared containing vehicle (3% BSA alone) and 
10 μM, 50 μM, and 100 μM oleic or linoleic acid bound to 3% BSA. 
Cells were maintained in culture for 10 to 14 days. Fifty microliters of 
media plus lipids or media plus vehicle was added to the appropriate 
wells every 5 to 7 days. Each well was scored as either positive or neg-
ative for sphere outgrowth. The Walter and Eliza Hall Institute Bioin-
formatics Division ELDA analyzer (60) was used to analyze data and 
calculate stem cell frequency. Each of these experiments were repeat-
ed in duplicate. Points represent the mean ± SEM, taking all experi-
mental replication into account.

IC50 assessment of the H2S donors NaHS and GYY 4137. The half 
maximal inhibitory concentration (IC50) was established for the H2S 
donors NaHS and GYY 4137 across a variety of cellular models. Fresh 
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