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III. Iron-Induced Alterations in HeLa Cells
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The morphologic characteristics of acute iron loading were studied in HeLa cells in-
cubated in an iron-enriched Eagle's medium containing 500 ,ug/ml of iron. Chemical
studies showed that ferritin synthesis was rapidly induced and the concentration of in-
tracellular ferritin increased up to 72 hours. Closely coupled with an increase in HeLa
cell ferritin was a marked decrease in the rate of cell multiplication. The significant
ultrastructural findings of iron-induced HeLa cell injury are characterized by the ap-
pearance of both autophagic multivesicular and residual bodies over the first 72 hours
of iron incubation. The prominence of multivesicular bodies was noted after only 4
hours' incubation, with iron and myelin figures first appearing after 6 hours. Thus, the
partial arrest of cell multiplication was associated with an increase in cytoplasmic
residual bodies containing iron and other debris. The distribution of intracellular fer-
ritin within HeLa cells differs significantly from the distribution described previously in
hepatic parenchymal cells. In HeLa cells, ferritin particles were confined to lysosomal
vesicles and were not identified in cell sap, endoplasmic reticulum, or Golgi apparatus.
(Am J Pathol 80:33-52, 1975)

CLINICAL OBSERVATIONS and animal experiments have
demonstrated that iron overload in the body can be brought about by ex-
cessive oral iron intake,1 disorder in mucosal regulation of iron absorp-
tion,2 or parenteral injection of iron.3'4 Once in the body, excess iron is
stored chiefly in hepatic parenchymal cells and in the reticuloendothelial
system. One complication of excess cellular iron appears to be damage to
parenchymal cells but little or no damage to reticuloendothelial cells. This
statement is based in part on evidence of remission of organ functional im-
pairment and symptomatology following removal of iron by phlebotomy
in cases of hemochromatosis and hemosiderosis, and in part on
morphologic studies.' Necrotizing enteritis and hepatic necrosis following
the ingestion of large amounts of ferrous sulfate provide additional
evidence of cell damage by excess iron.6'7 In spite of this data, it has not
been possible to determine the sequence of destructive cellular changes,
and the present information regarding the effect of iron on cells in chronic
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iron overload is confuising. This is duie in part to the lack of a good animal
model that adequiately mimics iron storage disorders.
The uise of a tissuie cuiltuire system has many advantages for the stuidy of

the basic intracelluilar mechanisms of iron absorption, transport, and
secretion. Suich a system offers the notable advantage of having one pop-
tulation of cells in a controlled environment with the associated oppor-
tuinity for puilse labeling. The present stuidy demonstrates the morphologic
consequiences of acuite iron loading in single cells and suiggests possible
pathways of intracelluilar iron transport as well as mechanisms of cell
damage. The HeLa cell model was selected for these studies because of
relative uiniformity of cell population and becauise HeLa cells normally
contain little endogenouis iron buit rapidly synthesize ferritin when
molecuilar iron is added to the mediuim.8
Materials and Methods
Tissue Culture

HeLa cells were obtained from the American Type Cultuire Collection (CCL-2) and
grown in monolayers by biweekly transfer following trypsinization. The experimental sulb-
lines coming from pooled cells were discarded after 45 days' activity and replaced by cells
in the logarithmic growth phase. Cell cultuires which were crowded and conflulent were
eliminated from the experimental design. Ctultuires were checked for Mycoplasma con-
tamination by bacteriologic and uiltrastruictural monitoring. A cloned line of cells was tused
in muiltiple stuidies withouit variance in resuilts. The popuilation douibling time of the cells
used in these experiments was 24 ± 2 hours.

Media
HeLa cells were grown in plastic flasks (T300 Falcon) at 30 C in Eagle's minimal essential

mediuim (MEM Difco) with 10% fetal calf sertum (FCS), in the fltuid phase (MEM + 10%
FCS), and 5% CO2 and 95% 02 in the gas phase. The powdered medium was dissolved in
deionized water and sterilized by filtration, and penicillin (100 units/ml) and streptomycin
(100 Ag/ml) were added prior to tuse. Iron content of the complete mediuim was 0.27 ,g
Fe/ml by atomic absorption spectrometry.

Incubation with Iron-Supplemented Media

HeLa cell cuiltuires were initiated by inoculating approximately 1 X 105 + 0.3 viable
cells/Falcon flask. Less than 1 X 103 cells in the initial inoculuim were dead. After these cells
had grown for 12 to 18 houirs in the tissuie cuiltuire mediuim described previouisly, the
mediuim was replaced with fresh MEM + 10% FCS in all cuiltuires. In one-half of the
cullttures, this mediuim was suipplemented with ferrous suilfate so that the final concentra-
tion of iron was 500 Ag of iron/ml of medium. In the other half of the flasks, distilled
water was added in quiantities equial to that uised in the ferrouis suilfate soluition. The pH
was monitored in both lines of cells during the whole experiment and adjuisted to 7.2 when
requiired. Confluient growth was never reached in control or iron-incuibated cells.

Electron Microscopy
Replicate cuiltuires of control and iron-incuibated cells were fixed for electron microscopy

at houirly intervals by replacing the growth mediuim with 2% gluitaraldehyde in 0.1 M
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sodiuim cacodylate buffer at pH 7.4 (471 mOsmoles/liter). The fixation times, proceduires of
dehydration, and embedding are described elsewhere.9 Thin sections were stained with
uranyl acetate. Omission of the lead citrate facilitated visuialization of ferritin.

Demonstration of acid phosphatase was accomplished with Gomori's lead phosphate
techniquie 10; incuibation was performed at room temperatuire for 30 to 120 minuites. Thin
sections also were stuidied tunstained uinder the electron microscope.

Viability Studies
Five experiments were condtucted in which cells were evaluiated at 0, 6, 12, 24, 36, 48,

60, and 72 houirs. At each time interval, three Falcon flasks of iron-incuibated cells and
three Falcon flasks of control cells were couinted, a total of 42 flasks/experiment (inclulding
6 flasks for zero time). Replicate cuiltuires of control and iron-treated cells were detached in
the following manner. The inctubation mediuim was withdrawn and preserved after gentle
shaking to remove dead cells; the cell monolayers were detached from the dishes by tryp-
sinization for 15 minuites and th-e preserved incuibation medium retuirned immediately to
the dishes by gentle pipetting. This proceduire was monitored tising a phase-contrast in-
verted microscope, and trypsin was always withdrawn prior to detachment of the cell
monolayers. Death of cells duiring detachment by trypsinization proved negligible in com-
parison to mechanical methods of detachment. In performing cell couints, both living and
dead cells were couinted. Dead cells were identified by their characteristic staining with
erythrosin B; 0.1 ml of erythrosin B was added to 1 ml of cell suispension, and a minimuim
of 1000 cells were couinted in a hemocytometer chamber.

Chemical Analysis
Determinations of protein, ferritin iron, and total iron were made from HeLa cells fol-

lowing suispension in Earle's basic salt soluition at intervals over 72 hours. Protein was
determined by the method of Lowry.1" Ferritin and total iron levels in HeLa cells were
determined by the method of Drysdale and Munro.12 These methods are modifications of
Hill's bipyridyl method 18 for the estimation of iron in the ferrous state and the Laufberger
procedture for precipitating tissue ferritin.14

Results
Biochemical Findings

Total iron and ferritin iron were measured at intervals over a period of
72 houirs in control and iron-stimulated monolayers of HeLa cells (Text-
Figuire 1). Total iron and ferritin iron levels in control cells did not change
appreciably over the 72-hour time period studied. In contrast, the cells
stimuilated by incubation with ferrous suilfate demonstrated increased
levels of both total iron and ferritin iron. Ferritin iron in iron-stimuilated
HeLa cells increased from 0.3 jAg ferritin iron/mg of protein at zero time
to 2.5 ,ug ferritin iron/mg protein at 72 houirs. The increase in total iron
content of the ferrouis-suilfate-incubated cells was most marked between
zero time and 6 hours, increasing from 0.7 to 10lug iron/mg of protein.

Viability Studies

Table 1 indicates the total nuimber of cells, total living cells, total dead
cells, and average values with standard deviations for five experiments. At
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TEXT-FIGUHE 1-Total iron and ferritin iron contents of control and iron-stimtilated HeLa cells
Cells incuibated with iron demonstrate an increase in both total iron (solid lines) and ferritin iron
(dotted lines).

each time interval, three Falcon flasks of iron-incubated cells and three
Falcon flasks of control cells were counted, a total of 42 flasks/experiment.

After HeLa cells were grown in Eagle's modified media for 24 hours,
500 ,tg of ferrouis sulfate/ml was added to one half of the cultuire flasks.
When the rate of growth of HeLa cells in iron-enriched media and in con-
trol media was measuired as a function of time and expressed as the total
nuimber of cells per flask, it is clear that the HeLa cells were growing in
logarithmic fashion and never reached the stationary phase. When the
nuimber of living HeLa cells in both iron-enriched and control media were
measuired as a fuinction of time and expressed as the number of living
cells, the effects of ferrous sulfate on cell growth were apparent after 12
houirs and were more marked after 24 and 72 hours. After 72 houirs of
growth, 8.7 X 10' cells were alive in control cultuires, while the number of
living cells in iron-enriched media was 3.7 X106. After 24 houirs, the
nuimber of dead cells in iron-suipplemented media was 12.7% (0.24 X 105)
while only 2.1 % (0.06 X 106) dead cells were present in controls. After 48
houirs of incuibation, 19% (0.57 X 106) of iron-treated cells were dead,
while only 2.3% (0.12 X106) in the control were dead. By 72 hours, 24%
(1.25 X 106) of the iron-treated cells were dead, while 5.6% (0.52 X 106) of
the control cells were dead.
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Electron Microscopy
Untreated Control Cells

The fine structuire of the control polymorphous HeLa cell grown in
Eagle's medium is pertinent to the interpretation of the present stuidy.
The cell membrane was smooth with short microvilli and occasional in-
vaginations into the cytoplasm. Cisternae of rough surfaced endoplasmic
reticuluim were distributed throughouit the cytoplasm but were not promi-
nent. Profiles of smooth endoplasmic reticulum consisting of cisternae,
vesicles, and vacuioles were scattered throughotit the cytoplasm btut were
especially numerouis around the Golgi area (Figuire 1).
The extensive Golgi network lay near the nucletus. Relatively few mtil-

tivesicuilar bodies were present. The typical multivesicuilar body was stir-
rouinded by small vesicles, limited by a single membrane, a part of which
was often coated on the cytoplasmic side. Within the vacuiole, a nuimber of
small uincoated vesicles of similar size were present. Approximately half of
the multivesicuilar bodies appeared dark becauise of moderately electron-
dense vesicles and matrix, while the others had a light appearance with
light vesicles and matrix. The dark multivesicuilar bodies were reguilarly
rouind, and the lighter ones were more irreguilar in shape. The uncoated
vesicles adjacent to the multivesicuilar bodies measured approximately 400

Table 1-Viability Studies (Average of Five Experlments*)

No. of cells. x 106 (± SD)
Hours of
culture Total Living Dead

0 1.20 ± 0.16 1.19 0.17 0.02

12 Controls 2.00 ± 0.16 1.97 0.15 0.03 ± 0.02
Iron-incubated cells 1.70 ± 0.15 1.61 ± 0.14 0.09 ± 0.04

24 Controls 2.82 ± 0.19 2.76 ± 0.19 0.06 ± 0.03
Iron-incubated cells 1.88 ± 0.21 1.64 ± 0.24 0.24 ± 0.06

36 Controls 3.93 ± 0.19 3.85 ± 0.21 0.08 ± 0.03
Iron-incubated cells 2.60 ± 0.32 2.17 ±0.36 0.41 ± 0.07

48 Controls 5.04 ± 0.40 4.92 ± 0.39 0.12 ± 0.02
Iron-incubated cells 3.00 ± 0.10 2.42 ± 0.05 0.57 ± 0.05

60 Controls 7.02 ± 0.37 6.72 ± 0.37 0.30 ± 0.01
Iron-incubated cells 4.25 ± 0.10 3.30 ± 0.16 0.95 ± 0.10

72 Controls 9.12 ± 0.47 8.71 ± 0.73 0.52 ± 0.13
Iron-incubated cells 5.00 ± 0.44 3.75 ± 0.31 1.25 ± 0.25

* Experiment 3 was discontinued after 50 hours.
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A in diameter; the small ones measured 200 to 300 A in diameter. In acid
phosphatase preparations, there was lead phosphate reaction product in
the matrical space of some multivesicular bodies near the Golgi apparatus,
inner Golgi lamellae, vesicles, lysosomes, occasional profiles of en-
doplasmic reticuluim, and nuiclear envelope following the longest incuba-
tion periods. No ferritin particles were identified within the cytoplasm or
cytocavitary network of these control cells. Myelin whorls and
membranous debris were occasionally present in digestive vacuoles of
youing cells. As the cultuires aged, there was an increase in muiltivesicular
bodies and secondary lysosomes containing membranous debris after 72
hours of incubation. No ferritin was visualized in the older control cells.
Auitophagic vacuoles limited by double membranes were not prominent.

Iron-incubated Cells

On addition of ferrous sulfate to the cultuire medium, a precipitate
formed in the medium which was visible by electron microscopy in cells
cultuired for 12 or more hours. Amorphous fragments of this probable
hydroxide or oxyhydroxide iron-protein complex, which were seen lying
adjacent to the plasmalemma (Figure 7), were apparently taken up by en-
docytosis and passed to the lysosomal system. Within lysosomes, this com-
plex was clearly distinguishable from ferritin aggregates by its amorphous,
electron-dense mass and the lack of the particular micellar structuire
characteristic of ferritin particles in thin sections.4'1,

Examination for ferritin in the sections of HeLa cells fixed at hourly in-
tervals after incubation with iron showed that ferritin was first seen in sec-
tions taken at 4 hours and that ferritin could not be visualized in the sec-
tions taken at 1, 2, and 3 hours.

Four hours after incubation with iron, ferritin particles were first
visualized within the matrix of single-membrane-limited lysosomes
(Figure 2). Ferritin was not seen in the cell sap or various other parts of
the cytocavitary network. The concentration of ferritin particles within
lysosomes increased after 8, 12, 24, and 72 houirs' incubation (Figures
3-6), and the ferritin particles were clearly distinguishable from other
lysosomal debris because of their uniform size (70 A) and typical cores
(Figuires 4 and 12). When monolayers of iron-treated HeLa cells were in-
cuibated for the demonstration of acid phosphatase, deposits of lead
phosphate reaction product were seen within lysosomes containing fer-
ritin.
HeLa cells incubated with iron for 6 to 8 houirs showed a marked in-

crease in multivesicuilar bodies. After 8 hours' incubation, ferritin particles
were identified within the matrix of multivesicular bodies, and the con-



Vol. 80, No. 1 IRON METABOLISM IN HeLa CELLS 39
July 1975

centration of ferritin and other dense irregtular particles within these
bodies increased through 72 hours. The formation of myelin-containing
bodies was apparent following incuibation with iron for 8 houirs, and
prominent myelin figtures were well visualized at 24 (Figure 8), 48, and 72
hoturs (Figtures 9 and 11). Thuis, after 24 houirs' incubation with iron, mtil-
tivesictular bodies, digestive vacuoles with myelin figures, and residuial
bodies were prominent in iron-stimuilated cells in contrast to control cells.
After 48 hoturs' incuibation, irreversible changes consisting of fragmenta-
tion and dissoluition of cell membranes and organelles were present in
many cells. After 24 hoturs' incubation, the lysosomes were filled with vesi-
cles, follictular densities, membrane whorls, and nondescript amorphotus
material. Thotugh particles of ferritin were still present, they were mixed
with other irregtular dense particles which probably represent some other
form of hydroxide, oxyhydroxide iron-protein complex, or possibly
hemosiderin (Figures 8 and 11).
By 72 houirs, most residuial bodies contained abundant dense particles,

some of which were ferritin and others most likely representing different
forms of iron oxide. At this time, ferritin or other iron precipitate could not
be identified in the cytocavitary network or in other parts of the cell
(Figtures 9 and 11). By 72 hours, irreversible changes were seen in the
great majority of the cells (Figuire 10).

Discussion
The results of the present stuidy show that when nonsynchronized HeLa

cells in logarithmic growth phase are incubated in an iron-rich mediuim
containing 500 ,tg/ml of iron, ferritin synthesis is rapidly induiced and the
concentration of intracelluilar ferritin continuouisly increases tip to 72
houirs. This finding is in accord with previous reports which indicate that
iron induces appreciable ferritin synthesis within 2 hours.8" 6'17 Our resuilts
also show that, coupled with an increase in HeLa cell total iron content,
there is a decrease in the rate of cell multiplication especially after 12
houirs of iron incubation.
The present studies further demonstrate the morphologic progression of

HeLa cell injury by iron which is characterized by the appearance of
auitophagic multivesicular and residual bodies. Multivesicuilar bodies were
noted after only 4 hours' incubation, and myelin figuires first appear after 6
houirs. An increase in the autophagic process is well recognized as a sulb-
lethal form of cell injury.'8 In the physiologic "aging" process in
stationary phase cultuires, HeLa cells do increase their numbers of
atutophagic vacuoles but not to the extent that is seen following addition
of iron to the medium.
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The decrease in rate of cell muiltiplication was associated with an in-
crease in residtual bodies within the cytoplasm which contain iron as well
as other debris. A correlation between an increase in nuimber of residual
bodies and mitotic arrest has been noted previouisly in euikaryotic cell
cuiltuires, and the two are probably related."9 Thuis, it is possible to ascribe
the increased nuimber of autophagic vacuioles to a reduiction in cell divi-
sion. An increase in the nuimber of residuial bodies could result either from
increased formation or from decreased extrusion of these bodies. It is not
known in the present case which situation obtained. It is possible that in-
creased amouints of iron within the lysosome system stimuilate the rate of
intralysosomal digestion and so promote accuimulation of debris-filled
secondary lysosomes which, in turn, will produice an increased number of
residuial bodies. On the other hand, membrane damage may stimulate
auitophagy which, in turn, will produce an increased number of residuial
bodies.
While it is clear that iron exerts some adverse effects on HeLa cells, it is

not clear how this effect is mediated. One way in which excessive amounts
of iron couild injuire cells is by means of hastening lipid peroxidation reac-
tions.2022 Recent studies have shown that iron in the ferrous state rapidly
induices lipid peroxidation and characteristic morphologic changes of liver
microsomes in vitro.23'24 However, at the present time, we have been
uinable to induice lipid peroxidation in intact HeLa cells. Our preliminary
observations suggest that the glycoprotein present in the trypsin-sensitive
portion of the HeLa coat protects against peroxidation of whole cells.25
Whether or not increased peroxidation is a sufficient stimuluis to induce
auitophagocytosis is not presently known, althouigh the preliminary
findings suggest that this possibility should be studied further. It should
be noted that lipid peroxidation has been implicated in the pathogenesis
of so-called aging pigment which is thought to represent the gradual con-
version by oxidation of lysosomal debris into the pigment lipofuscin.

In the present experiments the end-point of iron-induced cytotoxicity
has been related to the point at which cells are no longer able to exclude
erythrosin B and thereby remain unstained. Other studies suggest that uip-
take of this dye by injured cells is a late manifestation of cell response to
toxic agents. When cuiltures of fibroblasts are subjected to a lethal dose of
irradiation, the cells uindergo progressive injuiry over a matter of hours.
Delayed incorporation of radioactive thymidine is the first manifestation
of toxicity and is followed by a) the inability of the cells to incorporate
labeled uiridine and phenylalanine, b) release of previously incorporated
radioactive chromium and discharge of lysosomal enzymes, and finally, c)
release of lactic dehydrogenase from the cell to the tissue cultuire mediuim



Vol. 80, No. 1 IRON METABOLISM IN HeLa CELLS 41
July 1975

and the inability of the cells to excluide dyes.26 Thuis, uising erythrosin B as
a marker to determine cell death may not adequately reflect suiblethal in-
juiry. On the other hand, sublethal cell injuiry is manifested by altered
growth rates of HeLa cell cultuires and ultrastruictuiral abnormalities which
have been described in the present studies.
The present stuidy also demonstrates that the distribution of ferritin

within HeLa cells clearly differs from that described in hepatic
parenchymal cells following iron loading. From morphologic observation,
the major difference in the HeLa cell is that ferritin particles are confined
solely to lysosomal vesicles and cannot be identified in the cell sap, en-
doplasmic reticuluim, or Golgi apparatus. The biosynthesis of ferritin in rat
hepatocytes by free ribosomes is seven to twenty times greater than the
ferritin produiction by membrane-attached ribosomes,27 and our previouis
stuidies have shown that in liver cells a large pool of ferritin is distribuited
throuighouit the cell sap, althouigh the concentration of ferritin is highest
within lysosomes after parenchymal iron loading 4,15,28 Ferritin particles in
liver cells are also visualized within profiles of the Golgi apparatuis and oc-
casionally in the endoplasmic reticuluim. Confirmation of these observa-
tions must await fractionation studies in which cellular compartments and
organelles of HeLa and liver cells are compared for their ferritin content.
The visuial localization of ferritin predominantly within lysosomes in
HeLa cells is in accord with earlier findings by Richter, who demonstrated
that most ferritin was localized inside membrane-limited vacuoles.16 The
possibility that ferritin is present in cell sap and is lost from HeLa cells
duiring processing is not likely. When ferritin-loaded HeLa cells are sub-
jected to photosensitization and then processed for electron microscopy
by the method used in this study, an abundance of ferritin molecuiles
released by lysosomes are visuialized within the cell sap.29
We did not observe ferritin particles within lysosomes until after 4

houirs' incuibation in an iron-rich medium. However, the biochemical find-
ings of Chu and Fineberg clearly indicate that ferritin synthesis begins
within an hour after addition of iron to the tissue cultuire medium and that
significant amounts of ferritin can be chemically detected by radioisotopes
after 2 hours' incubation with iron.8 The discrepancy between
morphologic and chemical findings may be resolved if it is assumed that
the rapidly synthesized ferritin is so low in molecular iron content as to be
indiscernible by electron microscopy and that chemical methods detect
very minute amounts of ferritin.
The pathway by which ferritin reaches the lysosomes in hepatic

parenchymal cells is at present better understood than the pathway by
which it is transported in HeLa cells. In liver cells we have shown that
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some ferritin is apparently transported to lysosomes via the endoplasmic
retictluim and Golgi apparatuis and that ferritin also enters lysosomes by
means of cellular autophagocytosis.4'28 In HeLa cells we did not see ferritin
particles in the cell sap, endoplasmic reticuluim, and Golgi apparatuis and
so were uinable to visuialize a pathway by which ferritin is transported to
lysosomes. There are at least three possible routes by which ferritin could
enter the lysosomal system of the HeLa cells. The first possibility is that
lysosomal ferritin is indeed derived from the endoplasmic
reticuluim-Golgi apparatus pathway. The observation that ferritin parti-
cles are always confined to the matrical space of the muiltivesicular bodies
and do not appear inside the small vesicles supports this possibility. The
second possibility is that ferritin enters the lysosomal pool by
auitophagocytosis from the HeLa cell sap. In autophagy it is understood
that the smaller vesicles of the multivesicuilar bodies arise as buds from a
small portion of the limiting multivesictilar body membrane into the
matrix.9 Under this circumstance, we would expect to find ferritin parti-
cles inside the smaller vesicles, if indeed they are taken up from the cell
sap by atitophagocytosis. No ferritin particles were seen within small vesi-
cles of multivesicuilar bodies in this study. The third possibility is that iron
is transported directly into the lysosome, where it combines with apofer-
ritin. This possibility would be compatible with the rapid appearance of
discernible ferritin in the lysosomes if apoferritin, invisible in the electron
micrographs of thin sections, is transported by either the first or second of
the possible pathways to the lysosomes. In such a case, the iron would
enter directly either by diffusion or by an active transport step at the
lysosomal membrane and be added to apoferritin within the lysosome
compartment, as was originally suggested by Richter.16 This could explain
the observation that ferritin is first visible in this compartment.
The differences in ferritin distribution within HeLa and liver cells are

not explainable at this time. It is possible that these differences may be ex-
plained by the relative amounts of ferritin formed by the two cells. In the
liver cell, the amount is very large, and although the cell sap contains
abundant and easily visualizable ferritin, it is more concentrated in the
lysosomes. In the HeLa cell, the amounts of ferritin are much lower, and
the quantity in the cell sap is too small to be identified visually. The smaller
amount of HeLa cell ferritin may be due to rate-limiting steps at the
level of protein synthesis or at the level of the plasma membrane transport
system.
Care must be exercised in differentiating the adverse effects of iron in

liver and HeLa cells. Hepatic parenchymal cells are for the most part non-
replicating, while HeLa cells are mostly engaged in a continuouis replica-
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tion. It shouild be pointed ouit that cells growing in 95% 02 and 5% CO2, as
in the present experiments, may behave quite differently than cells grown
tinder other conditions. However, the adverse effect of iron in liver cell
replication was also documented in vivo in rats previously subjected to
partial hepatectomy.30

In concluision, we have demonstrated that 500,ug/ml of iron affects the
growth of HeLa cells in a negative manner when the cells are cuiltuired un-
der the specific conditions described in these experiments. The present
data concerning adverse effects of iron on HeLa cells relate only to those
cells that were able to adapt to 500 ,ug/ml of iron. It would be of interest
to construict growth cuirves of the cells that were alive and replicating after
72 hours' iron incubation following transfer to a fresh iron-enriched
mediuim. In futuire experiments the use of synchronized cells may sluggest
in which phase of the cell cycle iron exerts its most negative effect.
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Figure 1-Electron micrograph shows portions of two control HeLa cells maintained in culture for 48
hours. Note the appearance of the nucleus and nucleolus (Nc) and the characteristic cytoplasmic
organelles. The picture shows the Golgi region (Go), and numerous dictyosomes are seen cut in
cross section among single-membrane-limited digestive vacuoles and multivesicular bodies
(MvB). Note the numerous free polysomes and the small irregular mitochondria, and that some en-
doplasmic reticulum cisternae (ER) are dilated while others are collapsed. The cell membrane
shows a few small microvilli. (x 9460)



Figure 2-Four-hour exposure to iron. Single-membrane-limited digestive vacuoles containing
ferritin particles (arrows) along with scant debris. Note absence of ferritin in cell sap and
nucleus (N). (x 120,000)

Figure 3-Eight-hour exposure to iron. Two multivesicular bodies showing ferritin in the matrix
compartment (arrow). Note absence of ferritin in endoplasmic reticulum (ER) and cell sap. (x
120,000)

Figure 4-Twenty-four hours' exposure to iron. Single-membrane-limited digestive vacuoles
containing ferritin particles (arrows) mixed with other debris. Again note absence of ferritin in
cell sap. (x 151, 000)

Figure 5-Seventy-two hours' incubation with iron. Large multivesicular bodies containing
vesicles, myelin figures, and ferritin. Note the absence of ferritin in the enclosed vesicles and
note also its absence in the cell sap and endoplasmic reticulum (ER). (x 112,500)
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Figure 6-Twenty-four hours' exposure to iron. Golgi region (Go) showing three secondary
lysosomes (Ly) containing clusters of ferritin (arrows). Note that the ferritin is not evenly mixed
throughout the bodies, which contain other debris including vesicles and membrane fragments.
Ferritin cannot be seen in the Golgi sacs themselves nor in the endoplasmic reticulum (ER), cell
sap, or nucleoplasm (N). (x 80,000) Figure 7-Twenty-four hours' exposure to iron showing
microvilli and HeLa cell surface. Note dense particles In intercellular space adherent to the cell
membrane and in invaginations of it (arrow). These bodies are interpreted as iron precipitates
formed by interaction with medium components. (x 130,000)
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Figure 8-Twenty-four hours' exposure to Iron. Area of cytoplasm showing multiple residual bodies
(RB) and multivesicular bodies (MvB) filled with membranous and other debris and containing the
dense precipitates referred to in Figure 7. Note absence of ferritin in mitochondria, endoplasmic
reticulum (ER), and cell sap. (x 49,500)
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Figure 9-Seventy-two hours' exposure to Iron. Golgi region (Go) showing several secondary
lysosomes (Ly) containing ferritin (arrows). Other dense deposits possibly representing
hemosiderin mixed with membranous debris are present within lysosomes. Note absence of ferritin
in Golgi, endoplasmic reticulum, nucleoplasm, and cell sap. (x 46,000)
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Figure 10-Seventy-two hours' exposure to iron. Portion of a necrotic cell showing characteristic
mitochondria with flocculent densities (arrows) and dilated and fragmented endoplasmic reticulum
(ER) and swollen cell sap. (x 85,000)
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Figure 11-Exposure to iron for 72 hours. Two large secondary lysosomes (Ly) containing multiple
vesicles, myelin figures, and scattered particles, some of which probably represent ferritin and
hemosiderin (arrows). Note absence of ferritin in multivesicular bodies (MvB), cell sap, and
mitochondria (M), and endoplasmic reticulum (ER). (x 75,000) Figure 12-Seventy-two-hour
exposure to iron. Higher magnification of lysosome containing a cluster of ferritin particles (ar-

rows), along with other membranous and nonmembranous debris. (X 160,200)
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