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ORIGINAL

Induction of apoptotic cell death by calcitriol in RAW264.7 cells

Machiko Kasai1,2）, Shintaro Nakano1,3）, Keisuke Nakamura1,4）, Tsukasa Akasaka5）

Yasuhiro Yoshida5）, Shiho Suzuki1）, Ji-Won Lee6）, Yoshiaki Sato2）and Akira Hasebe1）

ABSTRACT : Vitamin D affects bone and mineral metabolism and immunity. Epidemiological data suggests that 
vitamin D may play a role in the development and progression of cancer. Additionally, calcitriol, an active form 
of vitamin D, has an antiproliferative effect on malignant tumors. However, it has also been reported that 
calcitriol suppresses cell death, suggesting that the effects of calcitriol may vary depending on the type of cell. 
In this study, we aimed to reveal the effects of calcitriol stimulation on macrophage-like cells derived from 
tumors induced by murine leukemia virus (RAW264.7 cells) and the cell death pathway.
　RAW264.7 cells were stimulated with calcitriol. Cell death was determined by measuring the lactate 
dehydrogenase (LDH) levels in the supernatant and the percentage of cells stained with annexin V/propidium 
iodide (PI). Cell death pathways were examined using Western blotting. 
　LDH levels were increased in concentration- and time-dependent manners after calcitriol stimulation. Annexin 
V/PI staining showed that calcitriol stimulation increased the percentage of cells stained with both annexin V 
and PI compared with that of the control. Calcitriol stimulation increased the expression of cleaved caspase-3 in 
the supernatants. A necroptosis inhibitor, Necrostatin-1, did not affect the level of LDH induced by calcitriol 
stimulation. 
　Calcitriol induces cell death (apoptosis; not necroptosis) in RAW264.7 cells.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.

Funding

　This study was supported by JSPS KAKENHI (No. 
JP23K28422).

Conflict of interest

　The authors have asserted no conflict of interest 
relevant to this article.

References

1）　Charoenngam N, Holick MF: Immunologic effects of 
vitamin D on human health and disease. Nutrients 
12：1－28, 2020.

2）　Holick MF：Vitamin D deficiency. N Engl J Med 357：
266－81, 2007.

3）　Charoenngam N, Shirvani A, Holick MF: Vitamin D 
for skeletal and non-skeletal health: What we should 
know. J Clin Orthop Trauma 10：1082－1093, 2019.

4）　Vuolo L, Di Somma C, Faggiano A, Colao A: Vitamin 
D and cancer. Front Endocrinol (Lausanne) 3：1－13, 
2012.

5）　Trump DL, Deeb KK, Johnson CS: Vitamin D: 
considerations in the continued development as an 
agent for cancer prevention and therapy. Cancer J 
16：1－9, 2010.

6）　Tanaka H, Abe E, Miyaura C, Kuribayashi T, Konno 
K, Nishii Y, Suda T: 1 a,25-Dihydroxycholecalciferol 
and a human myeloid leukaemia cell line (HL-60). 
BiochemJ 204：713－719, 1982.

7）　Miyaura C, Abe E, Kuribayashi T, Tanaka H, Konno 
K, Nishii Y, Suds T: 1a,25-Dihydroxyvitamin D3 
induces differentiation of human myeloid leukemia 
cells. Biochem Biophys Res Commun 102:937－943, 1981.

8）　Nakagawa K, Kurobe M, Konno K, Fujishima T, 
Takayama H, Okano T: Structure-specific control of 
differentiation and apoptosis of human promyelocytic 
leukemia (HL-60) cells by A-ring diastereomers of 
2-methyl-1,25-dihydroxyvitamin D 3 and its 20-epimer. 
Biochem Pharmacol 60：1937－1947, 2000.

9）　Frankenberger M, Hofmann B, Emmerich B, Nerl C, 
Schwendener RA, Ziegler-Heitbrock HWL: Liposomal 
1,25 (OH)2 vitamin D3 compounds block proliferation 
and induce differentiation in myelomonocytic 
leukaemia cells. Br J Haematol 98：186－194, 1997.

10）　Abe E, Miyaura C, Sakagami H, Takeda M, Konno K, 
Yamazaki T, Yoshiki S, Suda T: Differentiation of 
mouse myeloid leukemia cells induced by 1 a, 
25-dihydroxyvitamin’ D3. Proc Natl Acad Sci USA 
78：4990－4994, 1981.

11）　James SY, Williams MA, Newland AC, Colston KW: 
Leukemia cell differentiation: Cellular and molecular 

interactions of retinoids and vitamin D. Gen Pharmac 
32：143－154, 1999.

12）　Kizildag S, Ates H, Kizildag S: Treatment of K562 
cells with 1,25-dihydroxyvitamin D3 induces distinct 
alterations in the expression of apoptosis-related 
genes BCL2, BAX, BCLXL, and p21. Ann Hematol 
89：1－7, 2010.

13）　Pálmer HG, Sánchez-Carbayo M, Ordóñ ez-Morán P, 
Jesú Larriba M, Cordón-Cardó C, Muñ oz A: Genetic 
signatures of differentiation induced by 1,25－
dihydroxyvitamin D 3 in human colon cancer cells. 
Cancer Res 63：7799－7806, 2003.

14）　Welsh JE: Vitamin D and breast cancer: Past and 
present. J Steroid Biochem Mol Biol 177：15－20, 2018.

15）　Narvaez CJ, Welsh JE: Role of mitochondria and 
caspases in vitamin D-mediated apoptosis of MCF-7 
breast cancer cells. J Biol Chem 276：9101－9107, 2001.

16）　Sutedja EK, Amarassaphira D, Goenawan H, Susanti 
Pratiwi Y, Sylviana N, Setiabudiawan B, Suwarsa O, 
Tina Dewi Judistiani R, Supratman U, Lesmana R: 
Calcitriol inhibits proliferation and potentially 
induces apoptosis in B16-F10 cells. Med Sci Monit 
Basic Res 28：e935139, 2022.

17）　Wang X, Studzinski GP: Antiapoptotic action of 
1,25-dihydroxyvitamin D 3 is associated with 
increased mitochondrial MCL-1 and RAF-1 proteins 
and reduced release of cytochrome c. Exp Cell Res 
235：210－217, 1997.

18）　Antony R, Sheng X, Ehsanipour EA, Ng E, Pramanik 
R, Klemm L, Ichihara B, Mittelman SD: Vitamin D 
protects acute lymphoblastic leukemia cells from 
dexamethasone. Leuk Res 36：591－593, 2012.

19）　McArthur K, Kile BT: Apoptotic caspases: multiple 
or mistaken identities? Trends Cell Biol 28：475－493, 
2018.

20）　Bertheloot D, Latz E, Franklin BS: Necroptosis, 
pyroptosis and apoptosis: an intricate game of cell 
death. Cell Mol Immunol 18：1106－1121, 2021.

21）　Wilmanski T, Zhou X, Zheng W, Shinde A, Donkin 
SS, Wendt M, Burgess JR, Teegarden D: Inhibition of 
pyruvate carboxylase by 1α,25-dihydroxyvitamin D 
promotes oxidative stress in early breast cancer 
progression. Cancer Lett 411：171－181, 2017.

22）　Ji MT, Nie J, Nie XF, Hu WT, Pei HL, Wan JM, 
Wang AQ, Zhou GM, Zhang ZL, Chang L, Li BY: 1α
,25(OH)2D3 radiosensitizes cancer cells by activating 
the NADPH/ROS pathway. Front Pharmacol 11：945, 
2020.

23）　Kang Y-H, Yi M-J, Kim M-J, Park M-T, Bae S, Kang 
C-M, Cho C-K, Park I-C, Park M-J, Rhee CH, Hong S-I, 
Chung HY, Lee Y-S, Lee S-J： Caspase-independent 
cell death by arsenic trioxide in human cervical 
cancer cells: Reactive oxygen species-mediated 
poly(ADP-ribose) polymerase-1 activation signals 
apoptosis-inducing factor release from mitochondria. 
Cancer Res 64：8960－8967, 2004.

24）　Darío Díaz G, Paraskeva C, Thomas MG, Binderup L, 
Hague A: Apoptosis is induced by the active 
metabolite of vitamin D 3 and its analogue EB1089 in 
colorectal adenoma and carcinoma cells: possible 
implications for prevention and therapy. Cancer Res 
60：2304－2312, 2000.

25）　Flynn G, Chung I, Yu WD, Romano M, Modzelewski 
RA, Johnson CS, Trump DL: Calcitriol (1 ,25－
dihydroxycholecalciferol) selectively inhibits 
proliferation of freshly isolated tumor-derived 
endothelial cells and induces apoptosis. Oncology 70：
447－457, 2007.

26）　Cao L, Mu W: Necrostatin-1 and necroptosis inhibition: 
pathophysiology and therapeutic implications. 
Pharmacol Res 163：1－16, 2021.

27）　Degterev A, Hitomi J, Germscheid M, Ch’en IL, 
Korkina O, Teng X, Abbott D, Cuny GD, Yuan C, 
Wagner G, Hedrick SM, Gerber SA, Lugovskoy A, 
Yuan J: Identification of RIP1 kinase as a specific 
cellular target of necrostatins. Nat Chem Biol 4：313－
321, 2008.

28）　Peter Vandenabeele, Tom Vanden Berghe, Nele 
Festjens: Caspase inhibitors promote alternative cell 
death pathways. Sci STKE2006 pe44, 2006.

29）　Colotta F, Jansson B, Bonelli F：Modulation of 
inflammatory and immune responses by vitamin D. J 
Autoimmun 85：78－97, 2017.

30）　Bikle DD: Vitamin D metabolism, mechanism of 
action, and clinical applications. Chem Biol 21：319－329, 
2014.

31）　Stachowicz-Suhs M, Łabędź N, Anisiewicz A, Banach 
J, Kłopotowska D, Milczarek M, Piotrowska A, 
Dzięgiel P, Maciejczyk A, Matkowski R, Wietrzyk J: 
Calcitriol promotes M2 polarization of tumor－
associated macrophages in 4T1 mouse mammary 
gland cancer via the induction of proinflammatory 
cytokines. Sci Rep 14：3778, 2024.

32）　Guo Y, Jiang F, Yang W, Shi W, Wan J, Li J, Pan J, 
Wang P, Qiu J ,  Zhang Z, Li B:  Effect of 1α, 
25(OH)2D3－treated M1 and M2 macrophages on cell 

proliferation and migration ability in ovarian cancer. 
Nutr Cancer 74：2632－2643, 2022.

33）　Ma Y, Zhang P, Wang F, Yang J, Liu Z, Qin H: 
Association between vitamin D and risk of colorectal 
cancer: a systematic review of prospective studies. J 
Clin Oncol 29：3775－3782, 2011.

34）　Garland FC, Garland CF, Gorham ED, Young JF: 
Geographic variation in breast cancer mortality in 
the United States: a hypothesis involving exposure to 
solar radiation. Prev Med 19：614－622, 1990.

35）　Grant WB, Garland CF: The association of solar 
ultraviolet B (UVB) with reducing risk of cancer: 
multifactorial ecologic analysis of geographic 
variation in age-adjusted cancer mortality Rates. 
Anticancer Res 26：2687－2699, 2006.

36）　Grant WB: An estimate of premature cancer 
mortality in the U.S. due to inadequate doses of solar 
ultraviolet-B radiation. Cancer 94：1867－1875, 2002.

37）　Porojnicu AC, Robsahm TE, Dahlback A, Berg JP, 
Christiani D, Bruland ØS, Moan J: Seasonal and 
geographical variations in lung cancer prognosis in 
Norway. Does Vitamin D from the sun play a role? 
Lung Cancer 55：263－270, 2007.

38）　Apperly FL: The relation of solar radiation to cancer 
mortality in North America*. Cancer Res 1：191－195, 
1941.

39）　Mizoue T: Ecological study of solar radiation and 
cancer mortality in Japan. Health phys 87：532－538, 
2004.

40）　Giovannucci E, Liu Y, Rimm EB, Hollis BW, Fuchs 
CS, Stampfer MJ, Willett WC: Prospective study of 
predictors of vitamin D status and cancer incidence 
and mortality in men. J Natl Cancer Inst 98：451－459, 
2006.

41）　Wu K, Feskanich D, Fuchs CS, Willett WC, Hollis BW, 
Giovannucci EL: A nested case-control study of 
plasma 25-hydroxyvitamin D concentrations and risk 
of colorectal cancer. J Natl Cancer Inst 99：1120－1129, 

2007.
42）　Arayici ME, Basbinar Y, Ellidokuz H: Vitamin D 

intake, serum 25-hydroxyvitamin-D (25(OH)D) levels, 
and cancer risk: A comprehensive meta-meta-analysis 
including meta-analyses of randomized controlled 
trials and observational epidemiological studies. 
Nutrients 15：2722, 2023.

43）　Fakih MG, Trump DL, Muindi JR, Black JD, Bernardi 
RJ, Creaven PJ, Schwartz J, Brattain MG, Hutson A, 
French R, Johnson CS: A phase I pharmacokinetic 
and pharmacodynamic study of intravenous calcitriol 
in combination with oral gefitinib in patients with 
advanced solid tumors. Clinical Cancer Research 13：
1216－1223, 2007.

44）　Beer TM, Lemmon D, Lowe BA, Henner WD: High－
dose weekly oral calcitriol in patients with a rising 
PSA after prostatectomy or radiation for prostate 
carcinoma. Cancer 97：1217－1224, 2003.

45）　Lathers DMR, Clark JI, Achille NJ, Rita M, Young I: 
Phase IB study of 25-hydroxyvitamin D 3 treatment 
to diminish suppressor cells in head and neck cancer 
patients. Hum Immunol 62：1282－1293, 2001.

46）　Slapak CA, Desforges JF, Fogaren T, Miller KB: 
Treatment of acute myeloid leukemia in the elderly 
with low-dose cytarabine, hydroxyurea, and calcitriol. 
Am J Hematol 41：178－183, 1992.

47）　Asou H, Koike M, Elstner E, Cambell M, Le J, 
Uskokovic MR, Kamada N, Koeffler HP：19-nor 
Vitamin-D analogs：a new class of potent inhibitors 
of proliferation and inducers of differentiation of 
human myeloid leukemia cell lines. Blood 92：2441－
2449, 1998.

48）　Hisatake J-I, O’kelly J, Uskokovic MR, Tomoyasu S, 
Koeffler HP: Novel vitamin D 3 analog, 21－(3－methyl－
3－hydroxy－butyl)－19－nor D 3, that modulates cell 
growth, differentiation, apoptosis, cell cycle, and 
induction of PTEN in leukemic cells. Blood 97：2427－
2433, 2001.



－45－

Induction of apoptotic cell death by calcitriol in RAW264.7 cells

Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 

death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 

death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Induction of apoptotic cell death by calcitriol in RAW264.7 cells

Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 

death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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Introduction

　Humans obtain vitamin D from diets and supplements 
or synthesize it by sunbathing1‒3). In the body, vitamin D 
is metabolized to its active form, 1,25-dihydroxyvitamin 
D3 [1,25(OH)2D3] or calcitriol. Calcitriol binds to the vitamin 
D receptor in the nucleus, and forms heterodimers with 
the retinoid X receptor and its ligand (9 cis-retinoic acid). 
These dimers occupy specific nucleotide sequences (i.e., 
vitamin D response elements). In conjunction with other 
transcription factors, this complex exerts physiological 

and increase phagocytosis in HL-60 cells7，8). Furthermore, 
calcitriol can reduce the proliferation and induce the 
differentiation of other leukemia cells9－12). These results 
suggested that calcitriol suppresses cancer progression. 
Several studies have reported that calcitriol induces 
anti-proliferation, anti-angiogenesis, cell cycle arrest, 
apoptosis, and autophagy in other cancers, including colon 
cancer13), breast cancer14，15), and melanoma16).
　In contrast, other studies have shown that calcitriol 
prevents apoptosis in several leukemia cell lines17，18). We 
believe that calcitriol has various effects depending on the 
cell type. However, its effects and mechanisms of action 
have not been clearly elucidated.
　In this study, we focused on the effects of calcitriol 
stimulation on macrophage-like cells derived from tumors 
induced by murine leukemia virus (RAW264.7 cells) and 
the cell death pathway. This is a pilot study investigating 
the effects of calcitriol on cancer cells by analyzing the 
effects on RAW264.7 cells.

Materials and methods

Cell line
　Macrophage-like cells derived from tumors induced by 
murine leukemia virus (RAW264.7, ATCC TIB-71) were 
from the American Type Culture Collection (Manassas, 
VA, USA). RAW264.7 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium containing 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 
100 U/ml penicillin G, and 100 µg/ml streptomycin. 
RAW264.7 cells were seeded in 24-well plates at a density 
of 5 × 105 cells/well (lactate dehydrogenase [LDH] assay) 
or six-well plates at a density of 2 × 106 cells/well (annexin 
V/propidium iodide [PI] staining, immunoblotting). Cells 
were maintained in a 37 °C incubator containing 5% CO2.

Calcitriol and pan-caspase inhibitor
　Calcitriol (FUJIFILM, Tokyo, Japan) was dissolved in 
ethanol and stored at －80°C. Pan-caspase inhibitor Z－VAD
－FMK (PEPTIDE INSTITUTE. INC., Osaka, Japan) was 
dissolved in dimethyl sulfoxide (DMSO) and stored at －20°C.
 
Observation of cell shape 
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. Cells were observed by using a phase contrast 
microscope at a ×10 magnification. Images of the cells 
were captured with a DIGITAL MICROSCOPE IMAGER 

(CELESTRON, Torrance, CA, USA) and S-Viewer V1.18.7.27 
(CELESTRON).

LDH assay
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The LDH levels in the supernatants was measured 
using the Cytotoxicity LDH Assay Kit-WST (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s 
protocol. 

Annexin V/PI staining
　For analyzing cell death, the cells were stained with 
Annexin V-fluorescein isothiocyanate (FITC) and PI and 
analyzed by using NovoCyte® Flow Cytometer (Agilent 
Technologies, Santa Clara, CA, USA). RAW264.7 cells 
were treated with or without Z-VAD-FMK (50 µM) for 2 
h and stimulated with calcitriol (10 µM) for 3 h. Cells 
were subsequently trypsinized and washed with PBS. The 
stimulated cells were stained using a MEBCYTO-apoptosis 
Kit (MEDICAL & BIOLOGICAL LABORATORIES, 
Tokyo, Japan) according to the manufacturer’s protocol. 
After staining, the cells were counted using a NovoCyte® 
Flow Cytometer and data were processed using the 
NovoExpress Software Ver. 1.5.0 (Agilent Technologies).

Immunoblotting
　RAW264.7 cells were treated with or without Z－VAD－
FMK (50 µM) for 2 h and stimulated with calcitriol (10 µM) 
for 3 h. The cells were collected using a scraper and 
washed with PBS. Then the cells were lysed in RIPA 
Buffer (Cell Signaling Technology, Danvers, MA, USA) 
containing phenylmethylsulfonyl fluoride and the 
concentration of protein in the cell lysates were measured 
using Quick StartTM Bradford 1 × Dye Reagent (Bio-RAD, 
Hercules, CA, USA) by Bradford assay. The proteins in the 
lysates were transferred to a PVDF membrane using 
Trans-Blot Turbo (BIO-RAD) and reacted with anti－
cleaved caspase-3 (Asp175) (5A1E) Rabbit mAb (Cell 
Signaling; 1:1000), anti-caspase-3 (D3R6Y) Rabbit mAb 
(Cell Signaling; 1:1000), or anti-β actin (AC-15, Sigma－
Aldrich; 1:10000).

Necroptosis inhibitor 
　Necroptosis inhibitor, Necrostatin-1 (MedChemExpress, 
South Brunswick, NJ, USA), was dissolved in DMSO and 
stored at －20°C. RAW264.7 cells were treated with 
Necrostatin-1 (12.5, 25, 50, and 100 µM) for 2 h and 

stimulated with calcitriol (10 µM) for 3 h. The LDH content 
in the supernatant was measured as described above.

Statistical analysis
　Data are presented as mean ± S.D. Statistical analyses 
were performed using Tukey’s honest significant difference 
test using R software (version 4. 2. 2; The R Foundation, 
2024). Values with p <0.05 were considered significantly 
different.

Results

Calcitriol changed the shape of RAW264.7 cells 
　The shape of RAW264.7 cells was observed under a 
phase-contrast microscope at 10× magnification. Cells 
st imulated with calcitriol showed morphological 
alterations compared with that of control cells (Fig. 1). 
Calcitriol stimulation changed the shape of the cells from 
round or oval to random. The shape changes in the cells 
might have indicated that cell death was induced by 
calcitriol; thus, the effect of Z-VAD-FMK on these changes 
was examined.
　As expected, Z-VAD-FMK pre-treatment of RAW264.7 
cells attenuated the induction of the changes in cell shape, 
suggesting that caspase activity is involved in calcitriol－
induced cell death.

Calcitriol stimulation increased the LDH levels in 
RAW264.7 culture supernatants
　Following calcitriol stimulation, the LDH levels in 
RAW264.7 culture supernatants were examined. Calcitriol 
stimulation increased the LDH levels in a concentration－
dependent manner. There were significant differences in 
the LDH levels induced with 10 and 50 µM of calcitriol 
compared with that of the control (Fig. 2a). In addition, 
calcitriol (10 µM) stimulation increased the LDH levels in 
a time-dependent manner. There were significant 
differences in the LDH levels after 3, 6, 9, and 12 h of 
stimulation with calcitriol compared with that in the 
control (Fig. 2b). Moreover, the increase in LDH induced 
by calcitriol (10 µM) stimulation was significantly reduced 
by Z-VAD-FMK (50 µM) pretreatment (Fig. 2c).
　These results showed that calcitriol induced the death 
of RAW264.7, which was suppressed by pre-treatment 
with Z-VAD-FMK. Therefore, calcitriol stimulation 
induces cell death via caspase activation.
 
Calcitriol stimulation induced early apoptosis and necrosis
　Calcitriol-stimulated cells were stained with annexin V 
and PI, and analyzed using flow cytometry. Annexin V 
stains apoptotic cells. PI stains the nucleus but is 
impermeable to cell membranes. Early apoptotic cells 
have intact cell membranes, so these cells are not stained 
with PI. On the other hand, the structures of the cell 
membranes of late apoptotic cells and necrotic cells are 
broken, thus the nuclei are stained with PI.

　Calcitriol stimulation increased the percentage of both 
early apoptotic and necrotic cells compared with that of 
the control. Additionally, RAW264.7 cells pretreated with 
Z-VAD-FMK and stimulated with calcitriol showed an 
increase in living cells and a decrease in early apoptotic 
cells compared with those of the cells stimulated with 
calcitriol alone (Fig. 3a).
　The percentage of  ear ly apoptot ic ce l ls  were 
significantly increased in cells stimulated with calcitriol 
compared with that of the control. In addition, pre－
treatment with Z-VAD-FMK suppressed the increase in 
the percentage of early apoptotic cells (Fig. 3b).
　The percentage of necrotic cells was also significantly 
increased in cells stimulated with calcitriol compared 
with that of the control. However, pre-treatment with 
Z-VAD-FMK did not significantly affect the percentage of 
necrotic cells (Fig. 3c).
　Therefore, it was suggested that caspase-related cell 
death, which is speculated to be mainly due to apoptosis, 

is involved in calcitriol-induced cell death in RAW 264.7 
cells.

Calcitriol stimulation changed the expression of caspase 
in RAW264.7 cells
　Calcitriol stimulation increased the expression of 
cleaved caspase-3 in RAW264.7 cells compared with that 
of the control. Moreover, the expression level of cleaved 
caspase-3 was downregulated in cells pretreated with 
Z-VAD-FMK (Fig. 4).
　It was demonstrated that calcitriol stimulation activated 
the caspase-3-dependent apoptotic pathway in RAW264.7 
cells.

Necrostatin-1 did not suppress the cell death induced by 
calcitriol
　The effect of Necrostatin-1, a necroptosis inhibitor, was 
examined to determine the calcitriol-induced cell death 
pathway. The LDH levels in the culture supernatants of 

RAW264.7 cel ls were s igni f icant ly increased by 
stimulation with calcitriol compared with that of the 
control, and pre-treatment with Necrostatin-1 had no 
effect on the LDH levels induced by calcitriol (Fig. 5).
　Therefore, necroptosis may not be involved in cell 
death induced by calcitriol stimulation in RAW264.7 cells.

Discussion

　In this study, we found that calcitriol stimulation induced 
cell death in RAW264.7, macrophage-like cells derived from 
tumors induced by murine leukemia virus, and the 
mechanism of cell death was related to apoptosis, although 
several studies have reported that calcitriol protects 
against cell death in some types of cancer cells17，18). Wang 
et al. have provided that 1,25(OH)2D3 (100 nM) prevented 

the apoptosis of HL-60 cells induced by etoposide17) . 
Antony et al. also reported that calcitriol (100 nM) had an 
effect on protecting human acute lymphoblastic leukemia 
cells (RS4;11 and Sup-B15) from the cell death induced by 
dexamethasone18) .  This discrepancy might be due to 
differences in the type of cells and concentration of 
calcitriol used for stimulation13－18). In this study, RAW264.7 
cells were used as one of the tumor-derived cells, but it 
will be necessary to investigate the effects of calcitriol on 
human cancer cells as well in future study.
　Although there are some studies suggesting that 
calcitriol prevents cell death in leukemia cells as described, 
this study showed that calcitriol induces cell death in 
RAW264 .7  ce l l s .  Ca lc i t r io l  s t imulat ion induced 
morphological changes in RAW264.7 cells compared with 
that of the control, suggesting that calcitriol induced cell 

functions in target tissues by inducing and adjusting the 
transcription of vitamin D-responsive genes1，4，5). 1,25(OH)2D3 
regulates calcium and phosphate homeostasis by affecting 
the small intestine, kidneys, and bones1) . In addition, 
calcitriol regulates several signaling pathways, including 
inflammation, differentiation, apoptosis, proliferation, cell 
cycle, and angiogenesis4，5). Therefore, calcitriol may affect 
immunity and cancer.
　In the 1980s, calcitriol was confirmed to induce the 
differentiation of human myeloid leukemia or HL-60 cells6). 
Calcitriol has also been found to suppress proliferation 
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death (Fig. 1). It was also shown that calcitriol stimulation 
increased the LDH levels in the supernatants of 
RAW264.7, indicating that calcitriol stimulation induced 
cell death (Fig. 2). The results obtained using flow 
cytometry showed that calcitriol stimulation increased 
the percentage of early apoptotic cells to necrotic cells 
(Fig. 3a), suggesting that apoptosis is involved in calcitriol－
induced cell death. Consistent with these results, calcitriol 
stimulation increased the expression of cleaved caspase-3 
in RAW264.7 cells. Cleaved caspase-3 is involved in 
apoptosis and is the apoptotic executioner19 ,  20 ) . The 
previous study has demonstrated that metabolic regulation 
by 1,25(OH)2D3 facilitates increased reactive oxygen 
species (ROS) and higher oxidative stress in transformed 
epithelial cells21). In addition, Min-Tao et al. have shown 
that the exposure of cancer cells to 1α, 25(OH)2D3 resulted 
in elevated levels of ROS, and also induced apoptosis, 
compared to non-exposed cells22 ) . Accumulation of 
intracellular ROS leads to disruption of the mitochondrial 
membrane potential, release of cytochrome c with 
subsequent activation of the caspase cascade, and 
ultimately to programmed cell death through apoptosis23). 
In addition, these pathways are intrinsic pathways of 
apoptosis and are involved in the Bcl-2 family of 
mitochondrial proteins20). Previous studies have shown 
that calcitriol-induced apoptosis is caused not only by the 
upregulation of caspase expression16) but also by the 

downregulation of Bcl-2 and upregulation of Bax and Bak 
expression12，15，24，25). Bcl-2 is an anti-apoptotic protein, 
whereas Bax and Bak are pro-apoptotic proteins and 
those are Bcl-2 family proteins12，20). Therefore, cell death 
induced by calcitriol stimulation in RAW264.7 cells might 
be related to caspases as well as the expression of Bax, 
Bak, and Bcl-2. Further studies are needed to elucidate 
whether Bcl-2 family proteins related to apoptosis in 
RAW264.7 cells are induced by calcitriol stimulation.
　Pre-treatment with the pan-caspase inhibitor ,  
Z-VAD-FMK, suppressed the morphological changes, the 
LDH levels in the culture supernatants, the increase in 
the percentage of early apoptotic cells, and expression of 
cleaved caspase-3 caused by calcitriol in RAW264.7 cells 
(Fig. 1 ‒4 ). However, calcitriol treatment induced both 
apoptosis and necrosis (Fig. 3). Moreover, Z-VAD-FMK 
did not completely inhibit the percentage of early 
apoptotic to necrotic cells caused by calcitriol stimulation. 
Therefore, we hypothesized that calcitriol stimulation 
induces other mechanisms of cell death, including 

apoptosis and necrosis.
　We investigated whether the necroptosis inhibitor, 
Necrostatin-1, inhibits cell death induced by calcitriol 
stimulation, as we considered that calcitriol stimulation 
induces cell death other than apoptosis and necrosis, as 
previously described. Necroptosis is a recently discovered 
form of cell death26). Similar to necrosis, it is characterized 
by the morphology of necrosis, including cell swelling and 
rupture; and similar to apoptosis, it is controlled by a 
specific signaling pathway. Therefore, it is also called 
regulated necrosis. The critical mechanism underlying 
necroptosis involves the activation of receptor-interacting 
protein kinase1 (RIPK1), RIPK3, and mixed-lineage kinase 
domain-like proteins20，26 ) . It has been reported that 
Necrostatin-1 inhibits necroptosis in Jurkat cells by 
inhibiting RIPK127). In this study, Necrostatin-1 did not 
suppress the increase in LDH levels in calcitriol-stimulated 
supernatants (Fig. 5). Thus, necroptosis may not be 
involved in the calcitriol-induced cell death pathway in 
RAW264.7 cells.
　On the other hand, it has been reported that when the 
extrinsic pathway of apoptosis involving death receptors 
is inhibited by Z-VAD-FMK, apoptosis is inhibited but 
cell death by necrotic and autophagy is induced. In 
addition, this necrotic death and autophagy are also 
related to the production of ROS28). Although it is unclear 
whether the extrinsic pathway of apoptosis is involved, 
this may be one of the reasons why Z-VAD-FMK could 
not completely inhibit cell death in this study.
　Cell death pathways have long been considered to 
function in parallel with little or no overlap. However, it 
is currently clear that apoptosis and necroptosis are 
closely associated and can interact with each other20). 
Further studies are required to elucidate the cell death 
pathway in RAW264.7 cells. 
　There have been some reports on the effects of calcitriol 
on macrophages. Calcitriol is capable of promoting the 
differentiation of monocytes into macrophages, and it also 
reduces the production of inflammatory factors such as 
IL－1β, IL－6, TNF－α, RANKL, and COX-2 in macrophages. 
Calcitriol can also induce the production of the anti－
inflammatory factor IL-10. Therefore, calcitriol induces 
anti-inflammatory activity in macrophages29). There is 
another effect of calcitriol in macrophages, that is, calcitriol 
induces the production of cathelicidin and thus contributes 
to antibacterial activity30).
　Vitamin D also has a variety of effects on tumor 
microenvironment (TME) constituent cells, particularly 

tumor-associated macrophages (TAMs), which are an 
important component of the TME and account for up to 
50 % of tumor cell composition31). Generally, M1 macrophages 
within the TME exhibit anticancer activity. As cancer 
progresses, M2 macrophages become predominant, 
promoting tumor growth, enhancing metastatic potential, 
and contributing to vascular proliferation and remodeling 
of the tumor stroma31).
　Studies on ovarian cancer have shown that M2 
macrophage supernatants induce proliferative and 
migratory potential of ovarian cancer cells, but calcitriol 
attenuates these effects. In addition, calcitriol has been 
reported to reduce the number of M2 macrophages in 
vitro, and meta-analysis also revealed that a high 
percentage of M2 macrophages is associated with poor 
prognosis in ovarian cancer patients32).
　On the other hand, in a study of breast cancer, it has 
been reported that the administration of calcitriol to mice 
fed a vitamin D-deficient diet induces the polarization of 
TAMs to M2 macrophages, and as a result, promotes the 
lung metastasis of 4T1 breast cancer cells31). However, it 
was also stated that calcitriol or vitamin D has various 
effects on the microenvironment of macrophages and 
tumors, and that these effects differ depending on the 
group of patients examined31 ) . Just as the effects of 
calcitriol on cancer cells vary, the effects of calcitriol on 
TAMs also vary, and are thought to depend on the type 
of cancer cell and the surrounding environment. In this 
research on breast cancer, the mice were treated with 
calcitriol (1 µg/kg), and then the experiments were 
conducted using breast cancer cells and TAMs derived 
from these mice. As a result, it was found that calcitriol 
had a tumor-promoting effect. Taken together, although 
there are many effects of calcitriol on cancer, we consider 
that it may be possible to lead tumor-associated cells to 
apoptosis if it is possible to treat them directly with 
calcitriol in high concentrations (10 µM), as treated in this 
research.
　Epidemiological studies have shown that vitamin D 
levels may be associated with the development and 
progression of cancer. There are many epidemiological 
studies that demonstrate the relationship among cancer, 
vitamin D, and sunlight4，33－39). In 2006, Giovannucci et al. 
developed a method for predicting the 25-hydroxy-vitamin 
D (25(OH)D) levels from the geographic region, skin 
pigmentation, dietary intake, supplement intake, body 
mass index, and leisure-time physical activity40). They 
showed that the predicted 25(OH)D level was associated 

with a 17% reduction in total cancer incidence, a 29 % 
reduction in total cancer mortality, and a 45 % reduction 
in digestive system cancer mortality40). Many studies 
have demonstrated that plasma 25(OH)D levels are 
associated with the incidence and mortality rates of 
cancer including melanoma, lung cancer, breast cancer, 
prostate cancer, colon cancer, ovarian cancer, kidney 
cancer ,  esophageal cancer ,  stomach cancer ,  and 
non-Hodgkin’s lymphoma4，33，37，41，42 ) . These studies 
strongly support the hypothesis that high plasma 
25(OH)D levels decrease cancer risk. Therefore, the 
prospective effect of vitamin D against cancer has been 
established. However, calcitriol has not been used as an 
anti-cancer drug because of its side effects, such as 
hypercalcemia. Although there is a risk of hypercalcemia, 
recent ly ,  v i tamin D and i t s  ana logs  have been 
administered for cancer treatment in clinical trials43－46). 
Additionally, novel vitamin D analogs that can avoid 
hypercalcemia have been developed8，24，47，48). Therefore, 
vitamin D may be used as an anti-cancer drug in the 
future. To the best of our knowledge, we found for the 
first time that calcitriol induces apoptosis in RAW264.7 
cells. Elucidating the pathway of cell death induced by 
calcitriol in RAW264.7 is a promising tool for the future 
use of vitamin D in cancer treatment.

Conclusion

　Calcitriol stimulation induced changes in the shape of 
ce l l s ,  increas ing the LDH leve ls  in  the cu l ture 
supernatants, increasing the percentage of cells stained 
with both annexin V and PI and the expression of 
cleaved caspase-3 in RAW 264.7 cells. In addition, 
Pre-treatment with Z-VAD-FMK suppressed these effects 
of calcitriol. Moreover, pre-treatment with Necrostatin-1 
did not decrease the LDH levels in the supernatants of 
RAW264.7 cells stimulated with calcitriol. Therefore, the 
present study has clarified that calcitriol stimulation 
induced apoptosis and did not induce necroptosis in 
RAW264.7 cells. Thus, vitamin D might be a good 
candidate for anti-cancer drugs.
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