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Downregulation of SODD mediates 
carnosol‑induced reduction 
in cell proliferation in esophageal 
adenocarcinoma cells
Aihua Li 1,2 & Weibiao Cao 1*

Esophageal adenocarcinoma carries a poor prognosis associated with a 5‑year survival rate of 12.5–
20%. Therefore, a new therapeutic modality is needed for this lethal tumor. Carnosol is a phenolic 
diterpene purified from the herbs such as rosemary and Mountain desert sage and has been shown 
to have anticancer activities in multiple cancers. In this study we examined the effect of carnosol 
on cell proliferation in esophageal adenocarcinoma cells. We found that carnosol dose‑dependently 
decreased cell proliferation in FLO‑1 esophageal adenocarcinoma cells and significantly increased 
caspase‑3 protein, indicating that carnosol decreases cell proliferation and increases cell apoptosis 
in FLO‑1 cells. Carnosol significantly increased  H2O2 production and N‑acetyl cysteine, a reactive 
oxygen species (ROS) scavenger, significantly inhibited carnosol‑induced decrease in cell proliferation, 
indicating that ROS may mediate carnosol‑induced decrease in cell proliferation. Carnosol‑induced 
decrease in cell proliferation was partially reversed by NADPH oxidase inhibitor apocynin, suggesting 
that NADPH oxidases may be partially involved in carnosol’s effect. In addition, carnosol significantly 
downregulated SODD protein and mRNA expression and knockdown of SODD significantly inhibited 
the carnosol‑induced reduction in cell proliferation, suggesting that downregulation of SODD may 
contribute to carnosol‑induced reduction in cell proliferation. We conclude that carnosol dose‑
dependently decreased cell proliferation and significantly increased caspase‑3 protein. Carnosol’s 
effect may be through the overproduction of ROS and the downregulation of SODD. Carnosol might 
be useful for the treatment of esophageal adenocarcinoma.

Esophageal adenocarcinoma has increased in incidence over the past several  decades1–3. The major risk factor 
for esophageal adenocarcinoma is Barrett’s  esophagus4, which carries nearly a 30–125-fold increased risk for the 
development of esophageal adenocarcinoma. The cancer incidence in Barrett’s esophagus is about 0.5–1.0% per 
year. The mechanisms of the progression from Barrett’s esophagus to adenocarcinoma are not fully understood. 
Many genetic and epigenetic alterations, chromosomal gains, and losses, and hypermethylation of gene promot-
ers may be involved in this  progression5,6. Esophageal adenocarcinoma has a poor prognosis associated with 
a median survival of less than 1  year7,8 and a 5-year survival rate of 12.5–20%9,10. Therefore, a new therapeutic 
modality is needed for this lethal tumor.

Carnosol is a phenolic diterpene purified from the herbs such as rosemary and Mountain desert sage, and has 
been shown to have anticancer activities in multiple cancers, including  colon11,  breast12,  stomach13 and  prostate14. 
It may inactivate STAT3 through the production of reactive oxygen species (ROS), thus inhibiting tumor migra-
tion and growth in breast cancer  cells12. Carnosol may selectively inhibit the p300 histone acetyl  transferase15 and 
triggers a ROS-dependent ER-stress response through activation of the three ER stress sensor pathways in breast 
cancer  cells16. ROS dependent inactivation of STAT3 also mediates carnosol-induced apoptosis in human colon 
cancer HCT116  cells11. In gastric cancer, carnosol suppresses gastric cancer growth via inhibiting the RSK-CREB 
signaling  pathway13. Whether carnosol has anticancer activity in esophageal adenocarcinoma is not known. The 
aim of this study is to examine the effect of carnosol on cell proliferation in esophageal adenocarcinoma cells 
and whether its effect is mediated by the silencer of death domains (SODD).
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Results
Carnosol reduced cell proliferation and increased cell apoptosis in esophageal adenocarci‑
noma cells. We first examined whether carnosol decreases cell proliferation by using WST-1 cell prolifera-
tion assay. We found that carnosol dose-dependently decreased cell proliferation in FLO-1 esophageal adeno-
carcinoma cells (Fig. 1, ANOVA, P < 0.001). To further confirm this result, we performed Western blot analyses 
by using caspase-3 antibody. We found that carnosol significantly increased caspase-3 protein (Fig.  2, t test, 
P < 0.05), indicating that carnosol increases cell apoptosis in esophageal adenocarcinoma cells. These data sug-
gest that carnosol decreases cell proliferation and increases cell apoptosis in FLO-1 cells.

Reactive oxygen species (ROS) may mediate carnosol’s effect. Intracellular reactive oxygen spe-
cies may play an important role in cell apoptosis. Therefore, we examined the effect of ROS on carnosol-induced 
decrease in cell proliferation by using N-acetyl cysteine (NAC), a ROS scavenger, on cell proliferation. As shown 
in Fig. 3A, pre-treatment with NAC for 1 h significantly inhibited carnosol-induced decrease in cell proliferation 
(ANOVA, P < 0.001), indicating that ROS may mediate carnosol-induced decrease in cell proliferation.

To confirm this result, we measured hydrogen peroxide in the culture medium. Cells were treated with vehi-
cle or carnosol  (10–4 M) for 3 h and then culture medium was collected for measurement. As shown in Fig. 3B, 
carnosol significantly increased  H2O2 production (t test, P < 0.05), suggesting that ROS may contribute at least 
in part to carnosol’s effect.

NADPH oxidases may be involved in carnosol’s effect. We have shown that NADPH oxidases were 
present in FLO-1  cells17. Therefore, we examined the role of NADPH oxidases in carnosol-induced decrease in 
cell proliferation. Figure 4 showed that carnosol-induced decrease in cell proliferation was partially reversed by 

Figure 1.  Effect of carnosol on cell proliferation. 24-h treatment with carnosol dose-dependently decreased cell 
proliferation in esophageal adenocarcinoma cells FLO-1, suggesting that carnosol decreases cell proliferation in 
FLO-1 cells. N = 3, ANOVA, P < 0.001.

Figure 2.  Effect of carnosol on caspase 3. (A) A typical image of Western blot analysis and (B) summarized 
data showed that carnosol  (10–4 M, 24 h) significantly increased caspase-3 protein, indicating that carnosol 
increases cell apoptosis in FLO-1 cells. N = 4, * t-test, P < 0.05. Original blots are presented in Supplementary 
Figure 1.
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NADPH oxidase inhibitor apocynin (ANOVA, P < 0.0001), suggesting that NADPH oxidases may be partially 
involved in carnosol’s effect.

SODD is involved in carnosol‑induced decrease in cell proliferation in FLO‑1 Cells.. We have 
previously showed that acid-induced increase in SODD expression depends on the activation of NOX5-S and 
NF-κB1 p50 in FLO EA  cells18. Therefore, we examined whether carnosol-induced decrease in cell proliferation 
is through the reduction of SODD. Figure 5 showed that 24-h treatment with carnosol  (10–4 M) significantly 
decreased SODD protein (Fig. 5A,B, t test, P < 0.05) and mRNA expression (Fig. 5C, t test, P = 0.001), supporting 
our hypothesis that SODD may be involved in carnosol induced reduction in cell proliferation.

To further confirm this result, we used SODD siRNA to knock down SODD. We have shown that SODD 
siRNA successfully downregulated SODD protein  expression18. Figure 6A showed that knockdown of SODD 
at basal condition significantly decreased cell proliferation (P < 0.02), indicating that SODD contributes to the 
cell proliferation at the basal condition in FLO-1 cells. In cells transfected with control siRNA, carnosol caused 
68 ± 1% inhibition of cell proliferation (Fig. 6B). This inhibition was significantly reduced by knockdown of 
SODD (28.5 ± 4.8%, P < 0.02). The data suggest that downregulation of SODD may mediate carnosol-induced 
reduction in cell proliferation.

Discussion
We found that carnosol inhibited cell proliferation and increased cell apoptosis in esophageal adenocarcinoma 
cells since carnosol dose-dependently decreased cell proliferation and significantly increased caspase-3 protein, 
suggesting that carnosol has anticancer activity in esophageal adenocarcinoma. The carnosol’s effect may be 

Figure 3.  Reactive oxygen species (ROS) may mediate carnosol’s effect. (A) Pre-treatment with N-acetyl 
cysteine (NAC,  10–6 M), a ROS scavenger, for 1 h significantly inhibited carnosol-induced decrease in cell 
proliferation, indicating that ROS may mediate carnosol  (10–4 M, 24 h)-induced decrease in cell proliferation. 
N = 3, ANOVA, *P < 0.001, compared with vehicle control; **P < 0.001 compared with carnosol. (B) Hydrogen 
peroxide in the culture medium was measured. Carnosol  (10–4 M, 3 h) significantly increased  H2O2 production, 
suggesting that ROS may contribute at least in part to carnosol’s effect. N = 3, *t test, P < 0.05.

Figure 4.  NADPH oxidases may be involved in carnosol’s effect. Carnosol  (10–4 M, 24 h)-induced decrease 
in cell proliferation was partially reversed by NADPH oxidase inhibitor apocynin  (10–6 M), suggesting that 
NADPH oxidases may be partially involved in carnosol’s effect. N = 12, ANOVA, *P < 0.0001, compared with 
vehicle control; **P < 0.0001 compared with carnosol.
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mediated by reactive oxygen species as supported by our results that N-acetyl cysteine (NAC) blocked carnosol-
induced decrease in cell proliferation and carnosol significantly increased  H2O2 production. This result is consist-
ent with the results in breast cancer  cells16 and human colon cancer  HCT11611. In breast cancer  cells16, carnosol 
activates ROS-dependent ER-stress responses, whereas in human colon cancer cells carnosol-induced apoptosis 
is mediated by inactivation of STAT3 through the production of ROS. Reactive oxygen species have dual effects. 

Figure 5.  SODD is involved in carnosol-induced decrease in cell proliferation in FLO-1 cells. (A) A typical 
image of Western blot analysis and (B) summarized data showed that carnosol  (10–4 M, 24 h) significantly 
decreased SODD protein, indicating that carnosol downregulates SODD protein in FLO-1 cells. N = 4, * t-test, 
P < 0.05. Original blots are presented in Supplementary Figure 2. (C) 24-h treatment with carnosol  (10–4 M) 
significantly decreased SODD mRNA expression in FLO-1 cells. #P = 0.001, t test, N = 8.

Figure 6.  Role of SODD in carnosol-induced decrease in cell proliferation. (A) Knockdown of SODD at basal 
condition significantly decreased cell proliferation, indicating that SODD contributes to the cell proliferation at 
the basal condition in FLO-1 cells. Carnosol significantly decreased cell proliferation in cells transfected with 
control siRNA, a decrease which was partially reversed by knockdown of SODD. N = 3, ANOVA, ***P < 0.001, 
compared with control transfected with control siRNA, **P < 0.02, compared with control transfected with 
control siRNA; *P < 0.05, compared with carnosol transfected with control siRNA. B. In cells transfected with 
control siRNA, carnosol caused 68 ± 1% inhibition of cell proliferation. This inhibition was significantly reduced 
by knockdown of SODD (28.5 ± 4.8%). The data suggest that downregulation of SODD may mediate carnosol-
induced reduction in cell proliferation. N = 3, t test, #P < 0.02.



5

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10580  | https://doi.org/10.1038/s41598-023-37796-5

www.nature.com/scientificreports/

Low doses of ROS activate cell survival signaling pathway, whereas high doses of ROS induce cell  apoptosis19. 
Therefore, carnosol might induce ROS production high enough to cause cell apoptosis.

ROS may be generated in mitochondria through the respiratory chains or by enzymes such as NADPH oxi-
dases. Apocynin is a naturally occurring methoxy-substituted catechol and is an inhibitor of NADPH-oxidase20–22. 
It reduces the production of superoxide from activated neutrophils and macrophages, but the exact mechanism 
of its inhibition is not fully  understood23. It is thought that apocynin inhibits reactive oxygen species (ROS) by 
inhibition of the assembly of NADPH-oxidase23. We found that apocynin partially reversed carnosol-induced 
decrease in cell proliferation, suggesting that NADPH oxidases might be partially involved in carnosol’s effect.

SODD is an anti-apoptotic protein and belongs to the BAG  family24. SODD has been reported to be increased 
in cancer tissues; e.g. pancreatic  cancers25, an increase of SODD expression which may decrease cell death and 
increase cell proliferation in various cancer cell  lines25,26. SODD is associated with the ATPase domain of Hsc70/
Hsp7024, the cytoplasmic domain of the tumor necrosis factor receptor 1 (TNFR1) and death receptor-3. TNFR1 
signaling complex is activated by the release of SODD from TNFR1, which permits the recruitment of TNFR-
associated death domain and TNFR-associated factor  226. SODD inhibits cell apoptosis through its binding to 
TNFR1 and preventing the ligand-independent oligomerization and spontaneous activation of  TNFR127. We 
found that carnosol significantly decreased SODD protein and mRNA expression, indicating that carnosol may 
decrease cell proliferation via the downregulation of SODD. This result was further confirmed by the knockdown 
study showing that knockdown of SODD significantly blocked carnosol-induced inhibition of cell proliferation.

Carnosol might also play its anticancer role via epigenetic changes. For example, carnosol has been shown 
to inhibit p300 histone acetyl transferase activity by blocking the acetyl-CoA binding to the histone acetyl 
transferase catalytic domain since carnosol occupies the region where the pantetheine arm of the acetyl-CoA is 
 bound15. It is well known that p300 is a coactivator of multiple transcription factors related to many biological 
 processes28. High levels of p300 are associated with breast cancer  progression29 and poor  prognosis30. The inhibi-
tion of p300 histone acetyl transferase will decrease p300 acetylation, thus increasing p300 degradation. Whether 
this epigenetic modification of p300 is involved in carnosol’s anticancer effect in esophageal adenocarcinoma 
needs to be further explored.

In conclusion, carnosol dose-dependently decreased cell proliferation and significantly increased caspase-3 
protein. Carnosol’s effect may be through the overproduction of ROS and the downregulation of SODD. Carnosol 
may be useful for the treatment of esophageal adenocarcinoma.

Materials and methods
Cell culture and treatment. The human Barrett’s adenocarcinoma cell line FLO-131 was obtained from 
Dr. David Beer (University of Michigan). The FLO-1 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal bovine serum and antibiotics.

Cell proliferation assay. Cell proliferation was determined by using WST-1 Cell Proliferation Assay. Cell 
Proliferation Reagent WST-1 was purchased from MilliporeSigma. 2 ×  104 FLO-1 cells were seeded in a 96-well 
plate. When cells reached 50–60% confluence, different concentrations of carnosol or vehicle controls were 
added to each well. After cells were cultured for 24 h, 10 μl WST-1 reagent was added to each well and cells 
were cultured for additional 1 h. Then the absorbance of each well was determined by using a BioTek Synergy 
H4 hybrid reader at 440 nm. Medium without cells was used as a blank. Carnosol was dissolved in ethanol and 
the same concentrations of ethanol were used in the control groups. The experiments were repeated three times 
for the experiments of siRNA, N-acetyl cysteine and carnosol’s effects on cell proliferation and twelve times for 
apocynin experiments.

Amplex® red hydrogen peroxide fluorescent assay. Levels of  H2O2 in culture medium were meas-
ured by using Amplex® Red  H2O2 Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA) as we previously 
 described32. The assay was performed in triplicates.

Small interfering RNA(SiRNA) transfection. FLO-1 cells were transfected with control siRNA or 
SODD siRNA by using Lipofectamine 2000 (Invitrogen, Grand Island, New York, USA) according to the manu-
facturer’s instruction and as we previously  described18. 24 h after transfection, FLO-1 cells were treated with 
vehicle or carnosol  (10–4 M) for additional 24 h.

Reverse‑transcription PCR and quantitative real‑time PCR. Reverse-transcription PCR and quan-
titative real-time PCR were performed as we previously  described18. The primers used were as follows: SODD 
forward, 5′-GGG GTA CCC AAT GGT GCG ATC TCG GCT CAC TG-3′; SODD reverse, 5′-GAA GAT CTC TCG 
AGG GGA TCC GCT GCC CTG AAG CGC T-3′; 18S forward, 5′-CGG ACA GGA TTG ACA GAT TGA TAG C-3′; and 
18S reverse, 5′-TGC CAG AGT CTC GTT CGT TATCG -3′. The experiments were repeated eight times.

Western blot analysis. FLO-1 cells were treated with carnosol  (10−4 M) or vehicle for 24 h and then col-
lected for Western blot analysis. Western blot analysis was performed as described  previously33. Primary anti-
bodies used were as follows: SODD antibody (1:1000, Santa Cruz biotechnologies), caspase-3 antibody (1:2000, 
Upstate Biotechnology, Waltham, MA) and GAPDH antibody (1:2000, Santa Cruz biotechnologies). The experi-
ments were performed in quadruplets.
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Materials. Carnosol and N-acetyl cysteine (NAC) were purchased from Cayman Chemical Co. (Ann Arbor, 
MI, USA). Apocynin was purchased from Millipore Sigma (Burlington, MA).

Statistical analysis. All statistical analyses were performed by using GraphPad Prism software version 6 
(GraphPad Software, Inc., Boston, MA). Data were expressed as mean ± S.E. Statistical differences between two 
groups were determined by Student’s t test. Differences among multiple groups were tested using analysis of vari-
ance (ANOVA) and checked for significance using Fisher’s protected least significant difference test.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information file.
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