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Abstract. Very little is known about the modulation of vanadium accumulation in cells, although this ultratrace 
element has long been seen as an essential nutrient in lower life forms, but not necessarily in humans where factors 
modulating cellular uptake of vanadium seem unclear. Using nuclear microscopy, which is capable of the direct 
evaluation of free and bound (total) elemental concentrations of single cells we show here that an NH4C1 
acidification prepulse causes distinctive accumulation of vanadium (free and bound) in human Chang liver cells, 
concentrating particularly in the nucleus. Vanadium loaded with acidification but leaked away with realkaliniza- 
tion, suggests proton-dependent loading. Vanadyl(4), the oxidative state of intracellular vanadium ions, is known 
to be a potent source of hydroxyl free radicals (OH'). The high oxidative state of nuclei after induction of 
vanadyl(4) loading was shown by the redox indicator methylene blue, suggesting direct oxidative damage to 
nuclear DNA. Flow cytometric evaluation of cell cycle phase-specific DNA composition showed degradation of 
both 2N and 4N DNA phases in G1, S and Gz/M cell cycle profiles to a solitary 1N DNA peak, in a 
dose-dependent manner, effective from micromolar vanadyl(4) levels. This trend was reproduced with microccocal 
nuclease digestion in a time response, supporting the notion of DNA fragmentation effects. Several other 
approaches confirmed fragmentation occurring in virtually all cells after 4 mM V(4) loading. Ultrastructural 
profiles showed various stages of autophagic autodigestion and well defined plasma membrane outlines, consistent 
with programmed cell death but not with necrotic cell death. Direct intranuclear oxidative damage seemed 
associated with the induction of mass suicide in these human Chang liver cells following vanadium loading and 
nuclear sequestration. 
Key words. Quantitation of intracellular vanadium (free and bound); nuclear sequestration of vanadium; nuclear 
microscopy; cell cycle phase-specific evaluation of sub-2N DNA in flow cytometry; programmed cell death; 
autophagic autodigestion. 

Vanadium ions are regarded as trace components of 
mammalian cells where they occur in the bioreduced 
vanadyl(4) oxidative state ~. They are thought to have 
mitogenic potential 2 as well as significant regulatory 
and therapeutic functions, such as inhibition of 
transmembrane export pumps in the modulation of 
cytosolic acidification 3 and inhibition of ATP-depen- 
dent glutathione S-conjugate export 4,5, inhibition of 
phosphotyrosine phosphatase producing insulin 
mimetic effects 6, and cancer chemopreventive effica- 
cies 7,s. However, the knowledge of basic metabolic pro- 
cesses regulating vanadium is cited as incomplete 9, 
notwithstanding calls for upgrading the uptake of this 
trace element to essential nutrient status in humans ~~ 
Using nuclear microscopy that incorporates (a) particle- 
induced X-ray emission (PIXE) to measure directly 
total (free and bound) elemental concentrations in sin- 
gle cells, (b) Rutherford backscattering spectrometry 

* Corresponding author. 

(RBS) which provides information on the matrix ele- 
ments C, N and O, and (c) scanning transmission ion 
microscopy (STIM) which provides information on the 
structure and density of the cell and its nucleus through 
transmitted proton energy loss 11-14, we show here that 
cellular acidification induces massive accumulation of 
vanadium (free and bound) ions in the nucleus. Since 
vanadyl(4) itself induces cellular acidification 3 that is 
needed for its entry, cellular loading appears self-serv- 
ing, once initiated, especially in proton-translocating 
and acid-secreting cells in the stomach, kidney and 
urinary bladder, acid-secreting osteoclasts and phago- 
cytes. 
Vanadyl(4) ions generate hydroxyl free radicals (OH') 
and cause lipid peroxidation is 18, factors that have re- 
cently been implicated in causing cell suicide or apopto- 
sis/programmed cell death 19-22. On the other hand, 
vanadium toxicity has previously been associated with 
necrosis in a number of tissue systems 23 25. Here we 
show features consistent with programmed cell death. 
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Materials and methods 

Monolayer cultures of human Chang liver cells (ATCC 
CCL 13) were grown in Dulbecco's modified Eagle's 
medium (DMEM, Sigma) with 10% fetal calf serum 
(Biological Industries, Israel). Parallel cultures were 
seeded in 25 cm 2 flasks (Costar) at 3 x 105 cells/flask 
from stirred stock suspension and grown to near conflu- 
ency. 
For nuclear microscopy, cultures were seeded on serum- 
prepulsed Pioloform film anchored by Permount over 
an aluminium target holder and processed as previously 
described ~1. For measurement of intracellular pH (pHi), 
the cells were loaded with 10 ~tM BCECF-am (Molecu- 
lar Probes) using the detailed protocol previously de- 
scribed 26. The acidification buffer was NH4C1 (50 mM 
NH4C1, 50 mM glucose) with or without addition of 4 
mM vanadium(IV) oxide sulphate pentahydrate 
(vanadyl(4), Fluka) which was prepared by dissolving 
first in H20 and adjusted to pH 5.5 using 4N NaOH 
(the unadjusted vanadyl(4) solution contained the oxo- 
vanadium V(4) ion with a pH of 2.5 and was bright 
blue in colour). The pH adjustment caused a dark grey 
precipitation that redissolved an hour later to form a 
black solution of pH 4.5. The control acidification 
buffer without V(4) was also adjusted to pH 4.5 to 
match that of the experimental acidification buffer. This 
unshaken black solution is fairly stable (with shaking 
and exposure to air, however, the black vanadyl(4) 
solution becomes readily oxidized to dark green and 
finally yellow, the colour of the dioxovanadium V(5) 
ion). NH4CI and glucose were added to the black 
vanadyl(4) solution. The control recovery buffer was 
normal DMEM culture medium containing 10% foetal 
bovine serum (DMEM10). The experimental recovery 
buffer contained in addition 4 mM vanadyl(4). Cells 
were given a 30 min prepulse (37 ~ in NH4CI (with 
and without vanadyl(4)), and then 2 h of recovery 
(37 ~ in DMEMI0 (with and without vanadyl(4)). 
Dose-responses were conducted with 40 gM to 4 mM 
vanadyl(4) concentrations. The incubated cell suspen- 
sion was evaluated for propidium iodide (PI) binding to 
DNA in cell cycle phase-specific analysis, as well as for 
BCECF fluorescence ratio in pH analysis, using the 
Epics Profile II flow cytometer as previously de- 
scribed 3,a7. Microccocal nuclease (Worthington Diag- 
nostics, Flow-General, USA) digestion of fixed control 
cell samples was done using 80 units of the DNase in 1 
ml of the cell suspension in complete Dulbecco's phos- 
phate buffered saline (PBS complete with Ca 2+, Mg 2+ 
complement, pH 7.4). All control and experimental cell 
samples were similarly fixed in 1% Bouin's fluid in PBS. 
DNA fragmentation induced by vanadyl(4) treatment 
was evaluated by terminal deoxynucleotidyl transferase 
(TdT)-mediated d-UTP labelling of 3'OH DNA nicks 
(ApopTag from Oncor, USA) in the Coulter Epics II 

flow cytometer. The manufacturer's protocol was fol- 
lowed. Hydroxyl free radicals readily form 2-hydroxy- 
benzoates with directly added benzoic acid and produce 
a specific fluorescence at the excitation/emission wave- 
lengths of 304/413 nm 28. We used the Spex Fluoromax 
photon counting fluorometer to evaluate OH'-benzoic 
adducts in vanadyl(4) at pH 4 and 7. 
The oxidative reactivity of human Chang liver cells after 
vanadium loading was tested using the redox indicator, 
methylene blue, which becomes metachromatic when 
oxidized but colourless in the reduced state. After 30 
min NH4C1 acidification prepulse and 15 min recovery 
in normal DMEM, the cells were fixed in 100% 
methanol for 3 min, and then stained for 3 min in 3 ml 
aqueous methylene blue (0.5 mg/ml) and air dried. 
Cellular content of glutathione (GSH), the main reduc- 
ing agent in cells, was evaluated by GSH-monochloro- 
bimane (Molecular Probes, Oregon) adduct fluores- 
cence in the Reichert Univar incident-light fluorescence 
microscope. Protocol and monochlorobimane concen- 
tration used was as previously described 19. 

Results and discussion 

Figure IA shows that incubating human Chang liver 
cells in the NH4C1 buffer (pH 4.5) with and without 
vanadyl(4) ions had caused intracellular acidification, 
evaluated cell-by-cell in flow cytometry using the proton 
chelator BCECF in ratiometric analysis. The acidifica- 
tion response was greater in the presence of vanadyl(4), 
viz. intracellular pH (pHi) was 4.2 when incubated with 
vanadyl(4) (fig. IA, thick solid line), against 5.2 when 
incubated without vanadyl(4) (fig. IA, dotted line), an 
effect we have previously noted 3. However, both recov- 
ered in normal DMEM after the acidification prepulse, 
to the resting pH 7 level. With the acidification pre- 
pulse, quantitation of particle-induced X-ray emission 
(PIXE) spectral energies in nuclear microscopy showed 
intense loading of vanadium (free and bound) into the 
human Chang liver cells, i.e. 56,922 ppm of dry weight 
above the control ultratrace level or a differential rise of 
1.1174 Eq per kg dry weight (figs 1B, 2B). Bitmapping 
of PIXE energy revealed a strong concentration in the 
centre of the cell, corresponding to the nuclear area 
defined by simultaneous scanning transmission ion mi- 
croscopy (STIM) (fig. 3B, cf. 3A). Vanadyl(4) loading 
occurred concomitantly with prepulse acidification and 
declined as dramatically with pH recovery, suggesting 
proton-dependent fluxes. Since vanadyl(4) induces cel- 
lular acidification, vanadyl-loading becomes an incre- 
mental self-serving cycle. 
Cell cycle phase-specific DNA studies in a dose- 
response from 40 p.M to 4 mM vanadyl(4) concentra- 
tions, evaluated by flow cytometry (fig. 4A), showed 
increasing degradation of 4N and 2N DNA in the Gt, S 
and G2/M phases. They were eventually replaced by a 
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Figure 1. (A) Flow cytometric cell-by-cell evaluation of intracellular pH (cytosolic BCECF ratios) in human Chang liver cells incubated 
in 50 mM NH4Cl-glucose for 30 min, with (thick line) and without (dotted line) 4 mM vanadyl(4) or V(4) ions. Acidification was more 
intense in the presence of V(4). However, both realkalinized to physiological levels with subsequent recovery incubation in normal 
culture medium (DMEM). (B) Vanadium (free and bound) concentration in human Chang liver cells in the acidification-and-recovery 
cycle depicted in (A), evaluated by particle induced X-ray emission (PIXE, in nuclear microscopy). With acidification, the total 
vanadium concentration in the Chang cells reached 56,922 (_+4,807) ppm, way above the ultratrace level before incubation. In the 
cytosolic pH recovery phase, vanadium concentration dropped to 47,497 (_+3,071) ppm after 30 min when pH~ was 7.4, despite the 
continuing presence of 4 mM vanadyl(4) in the DMEM recovery medium. By 120 rain, the total (free and bound) vanadium 
concentration was only 3,075 ( -+ 105) ppm. Vanadium accumulated intensely with acidification, and levels fell as dramatically with pH 
recovery. 

solitary peak of  sub-2N D N A  (left shifted sub-G] in 
position, fig. 4A[iv]) indicating fragmentation of  ge- 
nomic D N A  resembling the sub-2N D N A  profile seen 
in programmed cell death in these human Chang liver 
cells when deprived of serum growth factors 27 and in 
cells induced into programmed cell death by glucocorti- 
coid treatment 29, and 7-irradiation 3~ Cells in necrotic 
cell death should have cell cycle profiles showing accu- 
mulation of  2N D N A  in the G0/G] phase 31 rather than 
accumulation of  sub-2N D N A  which is characteristic of  
programmed cell death. D N A  fragmentation from ap- 
plied micrococcal nuclease digestion (80 units) pro- 
duced a similar left-shift of  the D N A  profiles in a 
time-course from 10 to 60 min reproducing the solitary 
sub-2N D N A  peak of  fig. 4A(iv) (see fig. 4B). Terminal 
deoxynucleotidyl transferase (TdT)-mediated labelling 
of  3 'OH ends of  fragmented D N A  in vanadyl(4)- 

treated cells further confirmed the occurrence of  rapid 
D N A  degradation, affecting virtually every cell in the 
population (fig. 4C). Forward- and side-scatter bitmaps 
in flow cytometry showed significant downsizing of  cells 
and increase in granularity, respectively, showing rapid 
cell condensation occurring concomitantly with D N A  
fragmentation which are both hallmarks of  pro- 
grammed cell death. Cell necrosis would have osmotic 
lysis which is characterized by swelling, not condensa- 
tion. 
Hydroxyl free radicals (OH')  generated by vanadyl(4) 
were assessed using spectrofluorometric evaluation of  
OH'-benzoic adducts that fluoresced specifically at 304/ 
413 nm 28. OH" appeared to be generated at pH 7 rather 
than at pH 4 (fig. 5) suggesting that a b6rst of  OH" free 
radicals could be triggered with pHi recovery, imposing 
an immediate state of  oxidative stress in the nuclear 
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Figure 2. Particle induced X-ray emission (PIXE) elemental spectra of human Chang liver cells. (A) 30 rain NH4Cl-induced 
acidification prepulse incubation withoul vanadyl(4): no vanadium peak. (B) 30 rain NH4Cl-induced acidification prepulse incubation 
containing 4 mM vanadyl(4): massive vanadium loading, indicated by the tall vanadium (V) peak in the log scale. (C) Untreated resting 
counterpart: no vanadium peak. Here the K + peak is clearly higher than the Na-  peak, giving a high K~/Na ~ ratio. With V(4) 
treatment, there is precipitous K + loss but significant Na ~ gain, resulting in a reversal of the K+/Na ~ ratio. 

compar tmen t .  The  OH" burst  coincided with a dra- 

mat ic  reversal o f  the total (free and bound)  K + / N a  + 

rat io  immedia te ly  after  the acidification prepulse. Three  

minutes  into the recovery phase, the K + / N a  + rat io 

d ropped  f rom 15.65:1 to 0.13:1. N a  + concen t ra t ion  

increased by 472%, rising f rom 3,980 ppm dry  wt 

(_+166) to 18,799 p p m  dry wt ( + 5 4 5 ) ,  while K + 

concent ra t ion  decreased to a mere 4% of  its original  
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Figure 3. Localization of vanadium loading using bitmapping in scanning transmission ion microscopy (STIM) and particle induced 
X-ray emission (PIXE) quantitation in nuclear microscopy. (A) ST1M bitmap of vanadyl(4)-prepulsed human Chang liver cells (cells 
of fig. 2B) showing cell profiles and the nuclear area which is more dense and coloured yellow (yellow indicates the highest intensity 
in the pseudocolour scale from white (low end) to yellow (high end) shown at the bottom of the figure). (B) PIXE bitmap of the 
vanadyl(4)-prepulsed cells shown in (A), demonstrating the total (free and bound) vanadium content in these cells where the nuclear 
area has the highest concentration of the ion (coloured yellow). (C) STIM bitmap of control cells treated in the same way as in (A) but 
without addition of vanadyl(4) (cells of fig. 2A). (D) PIXE bitmap of cells shown in (C), demonstrating vanadium at trace level in 
random distribution. 

value. However control  populat ions subjected to sim- 
ilar acidification-and-recovery cycles but without 
vanadyl(4) addit ion,  had similar reversals, with K+/ 
Na  + ratio of  0.12 at the end of  2 h incubation. Even so, 
these cells always had normal  D N A  cell cycle profiles 
and continued to survive and propagate  with prolonged 
culturing. OH" is the most reactive of  the oxidative free 
radical species 32, and capable of  reacting with most 
biomolecules in the cell. The high reactivity of  the 
reactive oxygen species is known to impose strict limita- 
tions on their penetration,  so that unless they were 

released intranuclearly, it would be quite unlikely to 
have any direct effect on nuclear DNA.  Here we 
demonstrated massive nuclear sequestration of  vana- 
dyl(4) ions. The oxidative reactivity in the nucleus after 
vanadium loading was indicated by the oxidation of  the 
redox indicator methylene blue into the purple-coloured 
metachromatic  oxidized state (fig. 6). Monochlorobi-  
mane-glutathione adduct fluorescence was completely 
abolished (total  blank, not  shown), in contrast  to the 
bright fluorescence of  control  cells. This indicated de- 
pletion of  glutathione, the principal reducing agent in 
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Figure 4. (A) Vanadyl(4) dose-response: propJdinm iodide (PI)-DNA binding in human Chang liver cells subjected to the acidification- 
and-recovery shown in figure 1. Flow cytometric evaluation. (i) Untreated cells had a 2.5% 1N DNA peak, representing the suicidal 
proportion in the normal proliferative cycle which had a significant 4N DNA peak. (ii) With 40 }aM V(4) treatment, the suicidal 
proportion (IN DNA) increased nearly 5-fold to 12.1%, while the 4N DNA declined by a similar amount causing flattening of this 
proliferative peak. (iii) With 400 pM V(4) treatment, IN DNA peak was augmented another 3-fold, and represents 34.5% of the total 
genomic DNA. (iv) With 4 mM V(4) treatment, IN DNA represents 73.8% of total genomic DNA. (B) Micrococcal nuclease digestion 
of the control cell population where the DNase digestion had reproduced the left-shill of the DNA profile towards an eventual 1N DNA 
peak, as shown in (A), suggesting that the 1N DNA peak was fragmented DNA, shown by direct DNase digestion. (C) Terminal 
deoxynucleotidyl transferase (TdT)-mediated labeling of YOH ends of DNA breaks in the 4 mM vanadyl(4)-treated population showed 
that virtually all cells in the population had genomic DNA fragmentation. The IN DNA peak in (A)iv was fragmented DNA. (ii-iii) 
Bitmap quartiles of flow cytometer forward- and side-scattering data where the 4 mM V(4)-treated cells showed decreased forward 
scattering indicating smaller surface area from downsizing, but higher side scattering indicating increased granularity, consistent with 
cell condensation in programmed cell death. 

the cell. Abolishing the principal reducing agent of  the 
cell added to the state of  'oxidative stress', which has 
recently been seen associated with the induction of  cell 
suicide or programmed cell death '9-22. However unlike 
previous demonstrat ions of  association with reactive 
oxygen species that were applied extracellularly, here we 
have imposed direct, intranuclearly-triggered, oxidative 
stress via massive nuclear sequestration of vanadyl(4) 
and realkalinization, and demonstrated total genomic 
D N A  destruction in virtually all cells of the populat ion 
evaluated cell-by-cell in flow cytometry, in a time span 
of only 2 h. The rapid and total effect supported the 
notion that direct D N A  damage is an init iator of  cell 
suicide/programmed cell death. 
Electron microscopy studies of  cellular profiles after 
acidification with vanadyl(4) showed autophagy char- 

acterized by the presence of autophagosomes where 
rough endoplasmic reticulum (RER)  ringed cytosolic 
areas to produce distinctive figure-of-eight ring configu- 
rations of  RER. These and various other autophagic 
formations, including sequestration of  mitochondria  
and formation ofmult ivesicular  degradative autophago-  
somes or autolysosomes, could be seen in the same cells 
(fig. 7), suggesting a strong presence of  autophagic 
progression in these vanadium-loaded human Chang 
liver cells. The distinctive feature of this autophagic 
process is the characteristic presence of  overtly rough or 
granulated membranes of rough endoplasmic reticulum. 
Although autophagy is generally perceived as involving 
rough endoplasmic reticulum, it has been also reported 
as involving the smooth parts or degranulated parts of  
rough endoplasmic reticulum, rather than distinctively 
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Figure 5. Spectroftuorimetric evaluation of hydroxyl free radicals generated from 4 mM vanadyl(4) at pH 4 and 7, which are equivalent 
to the intracellular pH of acidified and recovered cells respectively. The formation of 2-hydroxybenzoate from OH'-benzoic acid adducts 
was detected at excitation/emission wavelength of 304/413 nm. Inset shows the spectral scan. Specific fluorescence was 400% more at 
pH 7 than at pH 4. Sodium orthovanadate or metavanadate (V(5)) did not produce significant OH" levels (base-line traces). 

Figure 6. Methylene blue staining of human Chang liver cells (A) after vanadium loading (subjected to the NH4CI acidification for 30 
rain and allowed to recover for 15 min, in the presence of 4 mM vanadyl(4)), and (B) without vanadium loading, but similarly treated. 
Methylene blue is a redox indicator that turns dark or metachromatic (purple colour) when oxidized. The purple metachromatic 
staining in nuclei of vanadium-loaded cells in (A) contrasted with the overall light blue staining of control cells in (B). Obj. x 40. 

rough  parts  o f  rough endoplasmic  re t iculum 33. A u -  

tophagic  digest ion is not  a necrot ic  process but  a pro-  

cess o f  self-renewal that  occurs in all no rmal  living cells 

for the removal  o f  effete proteins  and organelles.  Pro-  

g r ammed  cell death  is no ted  for having a f requent  

presence o f  au tophag ic  activity, in contradis t inct ion to 

necrot ic  cell dea th  3+. Ano the r  dist inguishing feature was 

the presence o f  intact p lasma m e m b r a n e  in the 
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Figure 7. Ultrastructural profile of vanadyl(4)-treated human 
Chang liver cells (subjected to the NH4C1 acidification with 4 mM 
vanadyl(4) for 30 min and allowed to recover for 3 rain in 
DMEM), showing intact plasma membrane (cell margin) and 
various stages of autophagy in progression. Arrowhead shows 
characteristic figure-of-eight autophagosome formations of overtly 
rough-membraned rough endoplasmic reticulum (RER) in these 
cells. The sequestered areas in the first pair of figure-of-eight RER 
formation also showed small vesicles suggesting invasion by pri- 
mary lysosomal vesicles that could lead to the conversion of 
autophagosomes into degradative autophagosome or autolyso- 
somes as multivesiculated bodies (double-headed thick arrows). 
Single arrows point to mitochondria surrounded by RER in 
autophagosome formation. Dark lysosomal masses are seen at 
opposite corners of the figure. Bar = 500 nm. 

v a n a d y l ( 4 )  loaded  cells. Even  wi th  o v e r n i g h t  24 h incu- 

ba t i ons ,  the  charac te r i s t i c  ' m o t h - e a t e n '  a p p e a r a n c e  o f  

p rog rah~med  cell dea th  merely  b e c a m e  m u c h  m o r e  

' m o t h - e a t e n '  f r om c o n t i n u e d  au tod iges t ion ,  the  p l a s m a  

m e m b r a n e  r e m a i n e d  d is t inc t  and  in tac t  in u l t r a s t r u c t u r a l  

profiles. P r o g r a m m e d  cell d e a t h  is widely held to be a 

process  o f  ' con t ro l l ed  au tod iges t ion  '21 which  is in con-  

t r ad i s t i nc t i on  to necro t ic  cell d e a t h  t h a t  is ch rac te r i zed  

by  lytic degene ra t ion ,  swol len profi les and  d i s rup t ed  cell 

out l ines .  T h e  u l t r a s t r u c t u r a l  f indings  s u p p o r t e d  ceil 

d e a t h  by suicide, a n d  no t  by necrosis ,  as ind ica ted  by  the  

cell cycle D N A  profi les f rom flow cy tomet ry .  
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