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Abstract. 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3) 
increases synthesis of heat shock proteins in mono- 
cytes and U937 cells and protects these cells from 
thermal injury. We examined whether 1,25-(OH)2D3 
would also modulate the susceptibility of U937 cells to 
H202-induced oxidative stress. Cell viability was as- 
sessed by trypan blue exclusion and [3H]thymidine in- 
corporation into DNA. Prior incubation for 24 h with 
1,25-(OH)2D3 (25 pM or higher) unexpectedly in- 
creased HzO2 toxicity. Since cellular Ca 2+ may be a 
mediator of cell injury we investigated effects of alter- 
ing extracellular Ca 2+ ([Ca2+]~) on 1,25-(OH)2D3-en- 
hanced H202 toxicity as well as effects of 1,25-(OH)2D3 
and H202 on cytosolic free Ca 2+ concentration ([Ca2+]f). 
Basal [Ca2+]r in medium containing 1.5 mM Ca as 
determined by fura-2 fluorescence was higher in 
1,25-(OH)2D3-pretreated cells than control cells (137 

versus 112 nM, P < 0.005). H202 induced a rapid in- 
crease in [CaZ+]f (to > 300 nM) in both 1,25-(OH)2D3- 
treated and control cells, which was prevented by a 
reduction in [Ca2+]e to less than basal [Ca2÷]~. The 
1,25(OH)2D3-induced increase in H202 toxicity was 
also prevented by preincubation with 1,25-(OH)2D3 in 
Ca2+-free medium or by exposing the cells to H2Oz in 
the presence of EGTA. Preexposure of cells to 45°C 
for 20 min, 4 h earlier, partially prevented the toxic 
effects of H202 particularly in 1,25-(OH)2Drtreated 
cells, even in the presence of physiological levels of 
[Ca2+]e. Thus 1,25-(OH)2D3 potentiates H2Oz-induced 
injury probably by increasing cellular Ca 2+ stores. The 
1,25-(OH)2D3-induced amplification of the heat shock 
response likely represents a mechanism for counter- 
acting the Ca2+-associated enhanced susceptibility to 
oxidative injury due to 1,25-(OH)2D3. 

RGANISMS which use molecular oxygen are exposed 
to the toxic byproducts of oxygen metabolism (20). 
Several reactive oxygen intermediates may be gener- 

ated during respiration including hydrogen peroxide (H202). 
Some of these reactive oxygen intermediates are used by 
mononuclear phagocytes for microbiocidal and tumoricidal 
functions (33, 34); reactive oxygen intermediates, however, 
may also induce cellular damage (44). Thus, in the context 
of inflammation, monocytes not only produce reactive oxy- 
gen but are also vulnerable to oxidative injury. 

The hormone 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3) j 
primarily affects cells in intestine, bone, and kidney, where 
it binds to specific intracellular receptors (6, 35). The 1,25- 
(OH)2D3 receptor is homologous in several respects to 
other steroid receptors (29). The complex of 1,25-(OH)2D3 
bound to its receptor interacts with DNA to facilitate the 
transcription of several genes such as that which codes for 
the intestinal calcium-binding protein (17, 19, 25, 47). Re- 

1. Abbreviations used in this paper: [Ca2+]~, extracellular Ca 2+ concentra- 
tion; ICa:+]~, cytosolic free Ca 2÷ concentration; 1,25-(OH)2D3, 1,25-dihy- 
droxyvitamin D3; fura-2AM, acetylmethoxy ester of fura-2; HSPs, heat 
shock proteins; IMDM, Iscove's modification of Dulbecco's medium. 

cently, significant numbers of receptors of 1,25-(OHhD3 
have been measured in other normal or neoplastic cells, par- 
ticularly monocytes (7, 40) and the monocytic line U937 
(36). There is evidence that 1,25-(OH)2D3 acting via these 
receptors can modulate several functions of monocytes in 
inflammatory and immunological reactions (1, 4, 8). One of 
these functions is production of reactive oxygen species. Al- 
though 1,25-(OHhD3 does not by itself induce the produc- 
tion of superoxide anion by U937 cells, it does increase the 
production of superoxide anion in response to phorbol ester 
(41). 1,25-(OH)2D3 also protects human monocytes(37) and 
U937 cells (39) from thermal injury. 

Exposure of most cells to elevated temperatures or to a va- 
riety of other forms of injury including oxidative injury in- 
duces a typical physiological reaction, termed the heat shock 
response (43, 46). This response is characterized by an inhi- 
bition of normal protein synthesis and the induction of syn- 
thesis of a specific set of proteins, the heat shock proteins 
(HSPs). Although the precise functions of the HSPs are not 
known, there is evidence that HSPs are essential for cells to 
survive exposure to these environmental stresses. In view of 
our observations that 1,25-(OH)2D3 protects monocytes 
from thermal injury we also questioned whether 1,25- 
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(OH)2D3 would protect these cells from oxidative injury. 
Since calcium has been implicated as an important mediator 
of various types of cell injury in many different tissues (12, 
30, 42), and calcium potentiates the injury to mitochondria 
induced by oxygen free radicals (28), we also examined 
whether H202 toxicity would be modified by changes in cel- 
lular calcium homeostasis. 

We found that preincubation with 1,25-(OH)2D3 at physi- 
ological concentrations did not protect against but rather 
potentiated the toxic effects of H202 in U937 cells. This en- 
hancement of H202 toxicity by 1,25-(OHhD3 was partially 
reversed if the cells were exposed to H202 in calcium-free 
medium with or without EGTA and was abolished if the 
preincubation with 1,25-(OH)2D3 was carried out in cal- 
cium-free medium. Whereas exposure to H202 induced a 
similar rise in the concentration of cytosolic free calcium 
([Ca:+]f) in both 1,25-(OHhD3-pretreated and control U937 
cells, the basal concentrations of [Ca2+]f w e r e  higher in 
1,25-(OH)2D3-pretreated cells. Finally, preexposure of U937 
cells to elevated temperatures (45°C) did not prevent the in- 
crease in [Ca2+]f but did protect the cells from death which 
resulted from exposure to H202. 

Materials and Methods 

Cells and Media 

U937 cells were grown in stationary suspension culture in Iscove's 
modification of Dulbecco's medium (IMDM; Gibco, Grand Island, NY) 
containing 10% FCS (Bioproducts, Inc., Waranton, OR). The cells were 
maintained at 37°C in a humidified atmosphere containing 5% CO2. The 
cells were exposed to H.,O2 at 37°C either in IMDM with 10% FCS, or in 
MEM (Gibco) with or without calcium (formula No. 86-0084, with Na pan- 
tothenate substituting for Ca pantothenate). Preincubation with 1,25- 
(OH)2D3 was also performed in IMDM or McCoy's medium that did not 
contain calcium; in some of these preincubation experiments, the FCS was 
first dialyzed for 36 h against three changes of PBS that did not contain 
calcium. 

Reagents 

1,25-(OH),D3 (provided by Dr. M. Uskokovic, Roche Laboratories, Nut- 
ley, N J) was dissolved in ethanol as a stock solution of 1.6 mg/ml and diluted 
with medium before addition to U937 cells. The ethanol concentration did 
not exceed 0.01% and appropriate controls were performed to exclude an 
effect of the ethanol on H.,Oz toxicity. H202 and EGTA were purchased 
from Sigma Chemical Co. (St. Louis, MO). fura-2 and fura-2AM 
(acetylmethoxy ester of fura-2 were obtained from Molecular Probes, Inc., 
Junction City, OR. 

Cell Viability 
Cell viability was assessed using trypan blue uptake and [3H]thymidine in- 
corporation. The number of trypan blue-positive cells were counted among 
200 ceils in two individual microscopic fields. To avoid potential bias 
brought about by disappearance of nonviable cells total cell number was 
sampled at various times during the viability studies. Results presented in 
the form "% viable" reflect data collected from experiments where the total 
number of cells did not change. For the [SH]thymidine uptake assay, cells 
were counted after exposure to H202, and 200 ~1 of a cell suspension of 
'~1.0 × 105 cells/ml for each condition were added to each well of 96-well 
plates (Falcon Labware, Oxnard, CA). After overnight culture, cells were 
labeled with 1 p.Ci/well of [3H]thymidine (67 Ci/mmol; New England Nu- 
clear, Boston, MA) for 6 h, then washed and collected with an automated 
cell harvester on glass filter strips (Mash-II; Flow Laboratories, Inc., 
McLean, VA), dried, and counted in Aquassure (New England Nuclear). 

Evaluation of Cell Swelling 

After exposure of U937 cells to various conditions, cells were centrifuged 
and resuspended in trypan blue. Cells were examined immediately by phase 
contrast with a Zeiss IM 35 inverted-stage microscope and photomicro- 
graphs prepared. 

Exposure to Heat 
The cells were heated in a waterbath in 15-cm culture dishes (Falcon Lab- 
ware) for 20 min at 45°C in IMDM with 10% FCS. The temperature of the 
waterbath was kept constant by a circulating heating unit. The temperature 
of the culture medium reached that of the waterbath after '~8 min. We previ- 
ously characterized the time course of induction of synthesis of HSPs and 
recovery of normal protein synthesis under these conditions in U937 cells 
(39). After exposure to heat, the cells were allowed to recover in the 37°C 
incubator for 2-24 h before exposure to H202. 

Determination of Cytosolic Calcium Levels by 
fura-2 Fluorescence 
Cells were loaded with fura-2 using techniques similar to those previously 
described (10). The culture medium was removed and the cells washed with 
PBS. The cells were then incubated in buffer containing 120 mM NaCI, 
2.7 mM KCI, 1.4 mM MgSO4, 0.5 mM CaC12, 1.4 mM KH2POa, 25 mM 
NaHCO3, pH 7.4, 10 mM glucose, 20 mM Hepes, pH 7.4, and 1.5% gela- 
tin. fura-2AM was then added to a concentration of 2.5 I.tM. Cells w e r e  

loaded with fura-2 for 30-60 min. Once inside the cell, the acetylmethoxy 
ester is cleaved and the resultant fura-2 remains trapped within the cell. 
Other cells were treated in the same manner as the loaded cells and in- 
cubated in the same buffer except that dimethyl sulfoxide, the vehicle for 
fura-2AM, was added alone, without fura-2AM. These cells were used for 
the determination ofautofluorescence. At no time did the dimethyl sulfoxide 
concentration of the incubation medium exceed 0.5%. 

Before the measurement of fluorescence, cells were washed twice by cen- 
trifugation and resuspended at 1-2 × 106 cells/ml in 2 ml of buffer con- 
taining 145 mM NaC1, 5 mM KCI, 0.5 mM MgSO4, 1 mM Na2HPO4, 
5 mM glucose, 20 mM Hepes, pH 7.4, and 0.5 mM CaCl2. Fluorescence 
was measured with an Aminco-Bowman spectroftuorimeter (SLM Instru- 
ments, Inc., Urbana, IL) at emission wavelength of 510 nm and excitation 
wavelengths alternating between 340 and 380 nm. Cells were equilibrated 
at 37°C in a thermostated cell holder. Fluorescence was determined with 
care taken to check that there was no quenching with time. To minimize pho- 
tobleaching, readings were taken intermittently with the incident light inter- 
rupted between readings. To ensure that artifacts due to cell sedimentation 
were minimized, the suspensions were gently mixed by aspirating and ex- 
pelling the contents of the cuvette tips using wide-bore plastic Pasteur 
pipettes. This procedure was performed three and six times during each l-5- 
min reading period, and the fluorescence determined after each mixing. 

To evaluate fura-2AM leakage from the cells, Mn '+ (0.1 mM) was 
added to quench the fluorescence of any extracellular fura-2. Autofluores- 
cence at both wavelengths was subtracted. From the ratio of fluorescence 
at 340 and 380 nm the [Ca2+]t was determined using the following expres- 
sion (21): 

[Ca2+]~ = K'd [(R - Rmio)/(R .... - R)] ISf,_/Sb2], 

where R is ratio of fluorescence at 340:380 nm at a given time point; R ..... 
and R,,~, are ratios measured in reference standard solutions containing 2.5 
~M fura-2, 115 mM KC1, 20 mM NaCI, 10 mM 3-(N-morpholino)-pro- 
panesulfonic acid, 1 mM MgCI2 (pH 7.05) at 37°C with either 1 mM 
CaCI2 (Rm~0 or 10 mM K2H2-EGTA (R,,~n). Sf2 is the fluorescence of the 
free dye measured at 380 nm; Sb2 is the fluorescence of CaZ+-bound dye 
at 380 nm. K'd is assumed to be 224 nM (21). 

Statistics 
Groups were compared by paired or unpaired Student's t test as appropriate. 

Results 

Effects of Preincubation with 1, 25-(OHhDs on 
1-1202 Toxicity in U937 Cells 
Exposure of the U937 cells to H202, in the presence of the 
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Figure 1. Effects of preincubation with 1,25-(OH)2D3 on H202 tox- 
icity in U937 cells. U937 cells were preincubated with or without 
25 nM 1,25-(OH)2D~ for 3 d, then centrifuged and resuspended at 
0.3 x 106 cells/ml in 3 ml of IMDM with 10% FCS and the indi- 
cated concentrations of H202. Cells were incubated at 37°C for 
60 min, then centrifuged, and viability assessed by trypan blue ex- 
clusion as described. Numbers are means of five different experi- 
ments, in each of which viability was determined in duplicate. *P < 
0.05; **P < 0.001. Bars indicate SEM. 
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Figure 2. Effects of preincubation with 1,25-(OH)2D3 on  H202 tOx- 
icity in U937 cells as a function of 1,25-(OH)2D3 concentration. 
U937 cells were preincubated with or without 1,25-(OH)2D3 at the 
indicated concentrations (0.01-10 ng/ml or 25 pM to 25 nM) for 3 d, 
then exposed to H202 for 30 min. Viability was assessed by trypan 
blue exclusion. Numbers are means of six determinations. (*)P < 
0.05; (")P < 0.(31. Bars indicate SEM. 

usual concentration of calcium in IMDM (1.5 mM), resulted 
in loss of viability as measured by uptake of trypan blue. 
Cells not preincubated with 1,25-(OH)2D3 were relatively 
resistant to H202 toxicity (Fig. 1). Although the viability of 
cells exposed to 1 mM H2Oz in this experiment was decreased 
significantly, 63% of the cells exposed to a high concentra- 
tion (50 mM) of H202 remained viable. Preincubation of 
cells with 25 nM 1,25-(OH)2D3 enhanced significantly the 
toxicity of H 2 0 2  at concentrations of H 2 0 2  of 1 mM or 
higher (Fig. 1). As shown in Fig. 2 the 1,25-(OH)2D3-medi- 
ated sensitization of U937 cells to the effects of H 2 0 2  w a s  

observed at concentrations of 1,25-(OH)2D3 as low as 25 pM 
(0.01 ng/ml). When the cells were preincubated with increas- 
ing concentrations of 1,25-(OH)zD3 the toxic effects of H 2 0 2  

were proportionately greater (Fig. 2). These effects of 1,25- 
(OH)2D3 were not noted immediately after addition. In a 
typical experiment, the viability of 1,25-(OH)2D3-pretreated 
cells, exposed to the same concentration of H202, was 96, 
70, and 20% of controls after 1, 6, and 24 h, respectively. 
The experiments using perturbations described were per- 
formed 10 times. 

Effects of  Calcium on 1,25-(OH)zD3-enhanced 
1-1202 Toxicity 

Calcium which has been implicated in many forms of cellu- 
lar injury (42) has been shown to sensitize isolated mitochon- 
dria to oxygen free radical injury (28). 1,25-(OH)2D3 has 
been reported to increase [Ca2+]f  in hepatocytes (3) and 
neonatal mouse osteoblasts (27) and to affect calcium turn- 
over in mitochondria (11). We therefore hypothesized that 
1,25-(OH)2D3 potentiated the toxicity of H202 by altering 
cellular calcium homeostasis. To test this hypothesis, in 
additional experiments, cells were preincubated in paral- 
lel with or without 1,25-(OH)zD3 in calcium-free or in cal- 
cium-containing medium, in the presence of 10% di- 
alyzed FCS. Viability of U937 cells preincubated with or 
without 1,25-(OH)2D3 in medium containing calcium and 
then exposed to 50 mM H202 in medium containing cal- 
cium was 16 + 1 and 68 ___ 6%, respectively (P < 0.01, n 

= 4). When U937 cells were preincubated with or without 
1,25-(OH)2D3 in the absence of calcium, however, there 
was no increase in toxicity in the 1,25-(OH)2D3-pretreated 
ceils exposed to H202 in the presence of calcium (viability 
70 ___ 4.4 and 76 -I- 0.6%, respectively, P > 0.1, n = 4). 

To further examine the role of Ca 2+ in H2Oz-mediated 
cellular injury, U937 cells preincubated in the presence or 
absence of 25 nM (10 ng/ml) 1,25-(OH)2D3 were exposed 
to H202 in calcium-free medium in the presence of undia- 
lyzed 10% FCS (<100 I.tM Ca 2+) or in the presence of 
EGTA (<10 nM Ca2+). Cells exposed to 10 mM H202 in 
calcium-free medium were partially protected from the tox- 
icity of H202 (Table I). The protective effect of the calcium- 
free medium was particularly dramatic in 1,25-(OH)2D3- 
pretreated U937 cells but was also observed in control cells. 
The increase in survival of 1,25-(OH)2D3-pretreated U937 
cells was even more pronounced when cells were exposed to 
H202 in the presence of 4 mM EGTA (Fig. 3). The toxicity 
of H202 at concentrations as high as 10 mM in 1,25- 
(OH)2D3-pretreated cells was markedly decreased by EGTA; 

Table I. Effect of Incubation in Ca2÷-free Medium on 
1-1,.02 Toxicity in U937 Cells 

Viability 

Control 1,25-(OH)_,D3 pretreatment 

H:O_, With Ca -'+ Without Ca -'+ With Ca -'+ Without Ca -̀+ 

mM % % % % 

0 97 98 95 98 
10 65 91 20 81" 

U937 cells were preincubated in IMDM with 10% FCS with or without 25 nM 
1,25-(OH)zD3 for 3 d, then centrifuged, resuspended in MEM with or without 
added Ca ++ with 10% FCS, and exposed to H.,O, for 1 h. Cell viability was 
measured by trypan blue uptake. Values indicate means of two different experi- 
ments in each of which viability was determined in duplicate tubes. 
* P < 0.05 compared with 1,25-(OH).,D~-pretreated cells incubated with H_,O2 
in medium containing calcium. 
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Figure 3. Effects of EGTA on the viability of U937 cells prein- 
cubated with or without 1,25-(OH)2D3 in IMDM with Ca-'* and 
exposed to H202. U937 cells were preincubated with or without 25 
nM 1,25-(OH)2D3 for 60 h then exposed to H-'O2 in IMDM in the 
presence or absence of EGTA (4 mM) for 30 min. Cell viability 
was assessed by trypan blue exclusion. Numbers are means of six 
determinations. (*)P < 0.01; (**)P < 0.001. Bars indicate SEM. 

at concentrations of H202 of 50-100 mM, however, EGTA 
was not protective. 

Toxicity was also assessed by measuring the ability of cells 
to incorporate [3H]thymidine into DNA after exposure to 
H202. As shown in Fig. 4 this was a more sensitive index of 
cell injury. A significant decrease in [3H]thymidine uptake 
was observed in control as well as 1,25-(OH)2D3-pretreated 
cells after exposure to H202 at concentrations as low as 
1 mM. EGTA partially protected the U937 cells from the 
effects of H202. The decrease in basal [3H]thymidine uptake 
observed in cells preincubated with 1,25-(OH)2D3 com- 
pared with control cells reflects the antiproliferative effects 
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Figure 4. Effects of EGTA on the [3H]thymidine uptake by U937 
cells preincubated with or without 1,25-(OH)2D9 and exposed to 
H202. Cells were preincubated with or without 25 nM 1,25- 
(OH)2D3 for 60 h, exposed to H202 in the presence or absence of 
EGTA (4 mM) for 30 min, centrifuged, washed, and replated in 96- 
well plates at 1 × 105 cells/ml in 200 lal of IMDM with 10% FCS, 
in quadruplicate. After overnight culture, cells were labeled with 
1 p.Ci/well of [3H]thymidine for 6 h. (**)P < 0.001. Bars indicate 
SEM. [gH]thymidine incorporation of cells not exposed to H-'O2 
was 336 ± 8 x 109 for control and 177 ± 2 x 109 for 1,25- 
(OH)2D3-pretreated U937 ceils (P < 0.001, n = 4). 
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Figure 5. Effects of H202 on levels of [Ca2+]f in U937 cells. H202 
induced a rapid increase in [Ca2+]r. 

of the hormone previously described (1, 5). Thymidine in- 
corporation after exposure to either 1 or 5 mM H202 was 
lower in 1,25-(OH)2D3-pretreated cells as compared with 
control nonpretreated cells. The decrease in [3H]thymidine 
incorporation was observed after exposures to H202 for 
times as short as 5 min (data not shown). 

Effects of H202 on Cytosolic [Ca2÷li in U937 Cells 
Preincubated with or without 1,25-(OH)2D3 

In view of our observations that a reduction in [Ca2+]e pro- 
tected the U937 cells from H202 toxicity, we examined 
whether [Ca2+]r was altered in response to 1,25-(OH)2D3 or 
H202 and whether the protective maneuvers were accompa- 
nied by alterations of calcium homeostasis. [Ca2+]f was 
therefore measured in cells preincubated in the presence or 
absence of 1,25-(OH)2D3 and exposed to H202 in the pres- 
ence or absence of EGTA. The mean [Ca2÷]f + SEM for 
control cells was 112 _+ 7 nM and for 1,25-(OH)2D3- 
pretreated cells, 137 +_ 9 nM (P < 0.005, n = 6 for each 
group). This increase in [Ca2+]f was not detected within 1 h 
of exposure to 1,25-(OH)2D3 (data not shown) but was evi- 
dent in measurements made after 24 h exposure to 1,25- 
(OH)2D3. When preincubation with or without 1,25-(OH)2- 
D3 was performed in calcium-free medium, with or without 
10% undialyzed FCS, the differences in basal [Ca2+]f be- 
tween control and 1,25-(OH)2D3-pretreated U937 cells were 
abolished. As shown in Fig. 5, however, when the U937 cells 
were exposed to H202 there was a rapid increase in [Ca2+]f 
to levels approaching 300 nM. Because of leakage of the 
fura-2 soon after exposure to H202, the reversibility of 
the increase in [Ca2+]f could not be assessed. This increase 
in [Ca2+]f after exposure to H202 was not affected by prein- 
cubation with 1,25-(OH)2D3 although, as described, the 
basal levels of [Ca2+]f were higher in the U937 cells 
pretreated with 1,25-(OH)2D3. Reduction of [Ca2+]e with 
EGTA completely prevented the rise in [Ca2+]f induced by 
concentrations of H202 as high as 15 mM either in 1,25- 
(OH)2D3-pretreated or control cells (Fig. 6). In other ex- 
periments, EGTA was also found to prevent the leakage 
of fura-2 from the cells which followed exposure to H202 
(data not shown). As shown in Fig. 7, EGTA also prevented 
the cell swelling observed by phase-contrast microscopy 
when cells were exposed to H202. 
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Figure 6. Effects of EGTA on the levels of [Ca2*]f in U937 cells 
exposed to H202. Exposure to 4 mM EGTA resulted in a fall in 
[Ca2+]f. Exposure to H202 in the presence of EGTA did not result 
in the rapid increase in [Ca2÷]r observed in the absence of EGTA 
as was shown in Fig. 5. Note that the concentration of H2Oe was 
higher in this experiment than that used in the experiment depicted 
in Fig. 5. 

Table II. Effects of Preexposure to Heat on Cell Viability 
after Exposure to H202 in U937 Cells Preincubated with 
or without 1,25(OH)2D~ 

Viability 

Control 1,25-(OH)2D~ pretreatment 

-preexposure + preexposure -preexposure +preexposure 
H202 to heat to heat to heat to heat 

mM % % % % 

0 95 + 2 91 + 1 94 + 2 88 ± 4 

10 79 ± 8 79 ± 6 43 ± 5 79 ± 4* 

U937 cells were preincubated in IMDM, 10% FCS with or without 25 nM 
1,25-(OHhD: for 3 d, then preexposed to heat (45°C for 20 rain) or not, al- 
lowed to recover at 37°C for 4 h, and exposed to H202 as described. Cell via- 
bility was assessed by trypan blue exclusion (n = 4). 
* P < 0.01 compared with 1,25-(OHhD3-pretreated, unheated cells exposed 
to 10 mM H202. 

Effects of Preexposure to Heat or H202 on 
H20~ Toxicity in U937 Cells 

Since the HSPs may be involved in protecting cells from in- 
jury, we examined the effects on H2Oz toxicity of  a brief 
preexposure to elevated temperatures. U937 cells were prein- 
cubated for 72 h in the presence or absence of  25 nM 1,25- 
(OH)2D3. Some of the dishes containing these cells were 
heated for 20 rain at 45°C. The dishes were then brought 
back to 37°C, kept in the incubator at 37°C for 4 h, and ex- 
posed to 10 mM H202 in medium containing calcium. It is 

demonstrated in Table II that the toxicity of  H202 was par- 
tially prevented by preexposure to 45°C in 1,25-(OH)2Dr 
pretreated cells although preexposure to 45°C by itself in- 
duced a slight decrease in cell viability. We previously 
reported that while elevated temperatures induced the syn- 
thesis of HSPs in U937 cells, H202 did not (39). We there- 
fore compared the effects of preexposure to 45°C for 20 min 
with preexposure to H202. Only preexposure to 45°C pro- 
tected the U937 cells from the toxic effects of subsequent ex- 
posure to H202 (Table III). The protective effects of preex- 
posure to heat on H202 toxicity were observed in each of 

Figure 7. Effects of EGTA on morphology of U937 cells exposed to H202. U937 cells were exposed to 10 mM H202 for 30 min in the 
presence or absence of 4 mM EGTA, centrifuged, and resuspended in trypan blue. Photomicrographs were taken immediately under phase- 
contrast microscopy using cells from two separate experiments. (Expt. 1 and Expt. 2). Bar, 26 !am. 

Polla et al. 1,25-Dihydroxyvitamin D increases HeOz Toxicity 377 



Table 11I. Effects of Preexposure to Heat or 1-1202 
on Viability of 1,25- (OH)2D3-treated U93 7 Cells 
Exposed to 1-1202 

Test conditions (cell viability) 

Preincubation 0 mM H.,O, l mM H.-O2 5 mM H202 

% % % 

Control 98 + 1 68 + 4 46 + 4 
Heat (45°C) 100 + 1 80 _+ I* 69 + 3* 
H~O: (1 mM) 87 + 3 52 _+ 2 37 + 4 

U937 cells were incubated under control conditions, or preexposed to heat 
(45°C for 20 min) or to H:O_, (1 mM for 20 min), allowed to recover for 4 h, 
then exposed to H.,O., for 60 min. Cell viability was assessed by trypan blue 
uptake in triplicate tubes. 
* P < 0.05 compared with control cells and P < 0.01 compared with H,O2 
pretreated cells exposed to the same concentration of H,O.,. 

six separate experiments. In three out of four experiments no 
differences were found in basal levels of [Ca2+]f nor in the 
increases in [Ca2÷]f after exposure to H202 in U937 cells 
heated or not heated at 45°C for 20 min 4 h before exposure 
to H202. The results of one of these experiments is illus- 
trated in Fig. 8. 

Discuss ion  

We have found in the present study that the hormone 1,25- 
(OH)2D3 potentiates the toxicity of H202 in the human 
monocytic line U937 by calcium-dependent mechanisms. 
This increased toxicity of H202 was observed in the range 
of physiological concentrations of the hormone and appeared 
between 6 and 24 h after the addition of 1,25-(OH)zD3. Two 
different methods were used to measure this toxicity. Effects 
on [3H]thymidine incorporation into DNA as well as exclu- 
sion of trypan blue were assessed since it has been demon- 
strated that exclusion of trypan blue alone cannot be used as 
the sole criterion of cell viability (13). Several lines of evi- 
dence support the concept that these effects of 1,25- 
(OH)2D3 are calcium dependent. (a) Preincubation of U937 
cells with 1,25-(OH)2D3 in calcium-free medium prevented 
the 1,25-(OH)2D3-induced increase in H202 toxicity. The 
preincubation in calcium-free medium was performed in 
the presence of dialyzed serum. The prevention of 1,25- 
(OH):D3-induced H202 toxicity was not observed in cal- 
cium-containing medium with the dialyzed serum, implicat- 
ing calcium rather than some other dialyzable component as 
essential for the H202 toxicity. (b) The increased toxicity of 
H202 in 1,25-(OH)2D3-pretreated U937 cells was not ob- 
served when cells were exposed to H202 in calcium-free 
medium even in the presence of undialyzed serum or in the 
presence of EGTA, maneuvers that decreased or eliminated 
the H202-induced increase in [Ca2÷]f. (c) The basal levels of 
[Ca2+]f before the addition of H202 were higher in cells 
pretreated with 1,25-(OH):D3 than in control cells. 

Suggestions that vitamin D or its metabolites affect intra- 
cellular calcium metabolism were first made nearly 20 years 
ago when it was found that vitamin D deficiency resulted in 
depletion of mitochondrial calcium (22). More recently, 
1,25-(OH)_,D3 has been shown to increase [Ca2*]f in hepato- 
cytes (3), the myelomonocytic cell line HL-60 (18), and neo- 
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Figure 8. Effects of H202 on levels of [Ca2÷]f in U937 cells preex- 
posed or not to heat (45°C for 20 min) a temperature which induces 
the synthesis of HSPs in U937 cells (39). 

natal mouse osteoblasts (27). In GH4C~ cells 1,25-(OH)2D3 
does not alter basal [Ca2+]f but does augment the increase in 
[Ca2+]f induced by thyrotropin-releasing hormone (14). The 
presumed source of this increase is not from intracellular 
calcium stores but from enhanced calcium conductance at 
the level of the plasma membrane. In the U937 cells that we 
studied here, 1,25-(OH)2D3 did not by itself induce an im- 
mediately detectable increase in [Ca2+]f. After 24 h incuba- 
tion with 1,25-(OH)2D3, however, the basal levels of [Ca2+]f 

were higher than in cells not preexposed to 1,25-(OH)2D3, 
suggesting that the hormone induces a progressive accumu- 
lation of calcium within the cells. When the cells were incu- 
bated with H202, which as described here induced an increase 
in [Ca2+b dependent upon the presence of extracellular cal- 
cium, the 1,25-(OH)2D3-pretreated Ca2+-laden cells, may 
have been unable to cope with this additional calcium influx. 
The causal relationship between the 1,25-(OH)2D~-induced 
increase in sensitivity to H202 toxicity and the 1,25- 
(OH)2D3-induced increase in [Ca2+]f is supported by the find- 
ings that [Ca2+]f in cells preincubated with 1,25-(OH)2D3 in 
calcium-free medium was not increased over control values 
and these cells were not more sensitive to H202 toxicity. It 
is possible that the 1,25-(OH)2D3-pretreated cells accumu- 
lated large amounts of Ca 2+ which was sequestered into cel- 
lular compartments. Since the cytosolic compartment con- 
tains only a small fraction of total cell Ca 2÷ the measured 
increases in levels of basal [Ca2*]f after 1,25-(OH)2D3 treat- 
ment may reflect a much larger amount of sequestered Ca 2÷ 
in the 1,25-(OH)2D3-treated cells. When additional Ca :÷ 
was introduced into these Ca2+-loaded cells, most or all of 
the nonmitrochondrial Ca 2÷ storage sites may have been 
saturated and the added Ca 2÷ entered the mitochondria. 
This could interfere with ATP production and ultimately re- 
sult in uncoupling of oxidative phosphorylation (9). 

A role for calcium in potentiating injury by reactive oxy- 
gen intermediates has been previously demonstrated in an 
isolated mitochondrial system (28). The mechanism of the 
potentiation by calcium of injury from reactive oxygen inter- 
mediates in mitochondria can possibly be accounted for in 
part by activation of phospholipase A2 (24). In our experi- 
ments in the U937 cells, an increased calcium influx induced 
by H202 could result from increased permeability of the 
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cell membranes. A resultant increase in [Ca2+]f could then 
activate phospholipase and further enhance the permeability 
of the cell membrane to Ca 2+. Thus an increase in cellular 
Ca 2+ may initiate a cascade of events leading to cell death; 
for example, activation of phospholipase with subsequent 
breakdown of cell membranes, depletion of energy supplies 
by enhanced use of ATP, and uncoupling of oxidative phos- 
phorylation in mitochondria (9). Under these conditions, in- 
hibition of calcium entry would be expected to be accompa- 
nied by a preservation of membrane integrity. In the present 
study, such preservation of membrane integrity could ac- 
count for the prevention of swelling and maintenance of via- 
bility in U937 cells exposed to H202 in the presence of 
EGTA. 

Other factors might also play a role in the increased toxic 
effects of H202 in cells preexposed to 1,25-(OH)2D3. For 
example, 1,25-(OH)2D3 has been shown to activate secre- 
tion of H202 by human peripheral blood monocytes (16). In 
contrast, in U937 cells, 1,25-(OH)zD3 alone does not in- 
duce production of superoxide anion (41). However, produc- 
tion of H202 was not directly measured in those experi- 
ments. 1,25-(OH)2D3-mediated enhanced H202 toxicity 
might also be related to induction of differentiation towards 
the mature macrophage phenotype of the immature U937 
cells. Mature peripheral blood monocytes after adherence, 
however, are not consistently more sensitive to oxidative in- 
jury than the undifferentiated U937 cells (Polla, B. S., and 
S. M. Krane, unpublished data). 

Prior exposure to heat protected the U937 cells against ox- 
idative damage. Most organisms react to elevated tempera- 
tures by the selective induction of the synthesis of several 
HSPs. The heat shock response is not induced solely by heat, 
however, but also by a variety of other forms of injury. Injury 
produced by reactive oxygen species, such as H202, induces 
the synthesis of HSPs in several different prokaryotic cells 
(15, 22) including human monocytes (39). We have not been 
able to demonstrate, however, that H2Oz induces the synthe- 
sis of HSPs in U937 cells (39). 

Although the precise functions of HSPs are not yet under- 
stood, there is growing evidence for their role in ther- 
motolerance and in a broader sense in protection from other 
forms of injury (24). RNA splicing, which is interrupted by 
heat shock, is rescued by HSPs (48). There is also evidence 
for the concept that the HSPs might be involved in targeting 
abnormal proteins, such as those that are the products of mu- 
tant genes or proteins aggregated as a result of heat or other 
injury, for proteolytic degradation (2). The 70-kD HSP has 
also been proposed to act as "a kind of detergent, helping to 
disrupt aggregates that form after heat shock by binding 
tightly to hydrophobic surfaces" (26, 31, 32). We have previ- 
ously reported that 1,25-(OH)2D3, which increases synthe- 
sis of HSPs in human monocytes and U937 cells exposed to 
heat, also partially protects normal protein synthesis (37, 
39). Preexposure to H202, which does not induce the syn- 
thesis of HSPs in U937 cells (39), does not protect these 
cells. The protective effects therefore appear to be related to 
the synthesis of HSPs. Monocytes, in which H202 does in- 
duce a heat shock response (39), are indeed protected from 
exposure to H202 by preexposure to this same agent (Polla, 
B. S., and S. M. Krane, unpublished data; 45). In the present 
study, the protective effects of preexposure to heat were ob- 
served in 1,25-(OH)2D3-pretreated cells, consistent with 

our previous observations on the increased synthesis of HSPs 
in 1,25-(OH)2D3-treated U937 cells (39). 

Preexposure to heat, however, did not modify the H202- 
induced increase in [Ca2+]r. Furthermore, the protective 
effects of preexposure to heat were observed when the U937 
cells were exposed to H202 in medium containing calcium. 
The protective effects of HSPs are therefore not explained 
simply by a modulation of the H202-induced increase in 
[Ca2+b. The HSPs might therefore act at a point distal to 
that at which the protective effects of low extracellular cal- 
cium concentrations are exerted. Although 1,25-(OH)2D3 
induces thermal tolerance in human monocytes and U937 
cells the changes in Ca 2÷ homeostasis brought about by this 
hormone increase their susceptibility to oxidative injury. 
Nevertheless, the heat shock response is inhibited in 
calcium-deprived hepatoma cells (23), supporting the con- 
cept that there is a link in some cells between the heat shock 
response and cellular calcium content (45). Although the 
precise mechanisms by which HSPs could help protect cells 
from the consequences of oxidative injury are unknown, they 
could lead to new approaches to developing therapies. The 
hormone 1,25-(OH)2D3, which has many effects on the 
structure and function of mononuclear phagocytes, also ap- 
pears to play a complex role in the modulation of their re- 
sponses to injury. 
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