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Current antitumor agents damage both malignant
and nonmalignant tissues; thus, a major phar-
macologic goal remains the development of highly
selective nontoxic therapies for the treatment of
malignancies. Although many of our antineoplastic
agents act by destroying rapidly proliferating cells,
apparently with little regard for the malignant pheno-
type, some anticancer drugs injure tissues that lack
a high mitotic index. With certain agents in this latter
group, one of the first observable sites of toxicity is
the endothelium [1-6]. The goal of this review is to
examine the propositions that: (a) damage to the
vascular endothelium by antineoplastic agents may
be responsible, at least partially, for the unwanted
toxicity manifested by nonmalignant tissues; and (b)
endothelial cell damage by these agents may rep-
resent a novel target for the desired destruction of
solid tumors.

Vascular endothelial biology

Almost all tissues depend upon blood, which flows
through vessels lined with endothelium. The unique
and strategic location of the vascular endothelium at
the interface of blood and tissues imposes structural
and functional demands. Thus, endothelial cells have
evolved into highly specialized cells, which maintain
a nonthrombogenic surface and regulate the move-
ment of many circulating elements into and out of
tissues. It is well recognized that the endothelium is
both a physical and a metabolic barrier for many
endogenous and exogenous substances [7, 8]. Impor-
tant for the transendothelial transport properties of
this cell type is the active vesicular transport system,
which utilizes plasmalemmal structures termed
caveolae. In addition, numerous receptors for
endogenous circulating substances appear to exist on
the luminal surface of the endothelium, some in the
caveola, providing the essential means for attach-
ment and subsequent movement across the endo-
thelium into the surrounding tissue. Specific macro-
molecules (such as thrombomodulin and Factor VIII
antigen) and enzymatic activities (such as angiotensin
converting enzyme and 5’-nucleotidase) are also
localized on the luminal surface of the plasma mem-
brane of the endothelium. These surface endothelial
components play an important homeostatic role and
regulate interactions between blood-borne elements
and the interstitium.

The endothelium exhibits regional morphological
differences in intercellular junctions that form the
basis of three distinct categories: (a) continuous
endothelium, found in most arteries, veins and capil-
laries of the brain, lungs and skeletal muscle; (b)

fenestrated endothelium, found in certain visceral
capillaries, such as the adrenal gland; and (c) discon-
tinuous endothelium, found in the sinusoids of the
liver, spleen, and bone marrow [7, 8]. In addition,
the organization of the gap junctions in the arterioles,
arteries, capillaries, and veins of an organ appears
to be different. Morphologic differences also exist in
size and thickness (aortic cells thicker than those
of the capillaries and veins), subcellular organelle
content (Weibel-Palade bodies), and density of plas-
malemmal vesicles (highest in capillaries). Accord-
ingly, these distinct intra- (large versus small vessels)
and inter-organ morphologic features may reflect
altered functional characteristics. Consistent with
this idea, differences in the biochemical composition
of endothelial cells from various vascular beds have
been reported. For example, the distribution of
anionic and cationic binding sites on the plas-
malemma of endothelial cells appears to be non-
random and may vary in cells from different vascular
beds [9]. Comparative studies with freshly isolated
coronary microvessels and coronary arteries and
veins indicate regional differences in prostaglandin
synthetic capacity [10]. Results with short-term cul-
tures that allow the generation of large numbers of
cells to study biochemical and cellular physiological.
properties also suggest some differences. For exam-
ple, Johnson [11] found that cultured endothelial
cells from arteries had three to five times the angio-
tensin converting enzyme activity of cultured endo-
thelial cells from veins. Significant differences are not
always seen, however. In studies on phosphorylation
systems, little difference has been noted in the pro-
tein kinase activities or endogenous substrate content
of cultured bovine endothelial cells from the pul-
monary artery compared to bovine aortic endothelial
cells [12]. Since constitutive phenotypic expression
may reflect the surface upon which this cell type
resides, cells in culture may not display the charac-
teristics seen in vivo in the absence of the normal
basement membrane [13]. Thus, results from cul-
tured cell models must be viewed with some caution
until verified in vivo. An additional problem with
these models has been the difficulty associated with
obtaining and successfully culturing capillary endo-
thelium from many vascular beds; this has limited
comprehensive comparative studies of the capillary
endothelium. This may reflect the lack of growth
factors and the use of nonphysiologic plastic sub-
strata or sera for growth. The development of more
sophisticated culturing conditions could allow for the
identification of biochemical and functional features
unique to the endothelium of specific organs, which
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may provide insight into interactions between toxins
and the vascular bed.

As with normal tissue, the endothelium plays a
central role in controlling the growth of solid tumors.
Detailed comparative studies of the differences
between endothelium from normal and malignant
tissues have not been conducted, although tumor
blood vessels are generally more disorganized, tor-
tuous, and dilated than blood vessels in normal tis-
sues [14]. The endothelium from transplantable
murine tumors does exhibit a much greater rate
of proliferation. Hobson and Denekamp [15], for
example, observed a doubling time in the normal
tissue endothelium in vivo that was 20-2000 times
longer than that seen in the endothelium of murine
tumors (2.4 to 13 days). This agrees favorably with
data derived from other laboratories [14, 16]. This
rapid mitotic activity of endothelium in tumors is
believed to be due to angiogenesis factors elaborated
by tumor cells that stimulate the capillary endothelial
cells to divide and to express proteolytic enzymes,
such as plasminogen activator, which enables them
to migrate through the basement membrane toward
the tumor [14-16). Endothelial cells proliferate in
sufficient numbers to generate functional capillaries
capable of delivering the requisite nutrients and oxy-
gen for further tumor growth [14-16]. It is possible
that these rapidly proliferating cells may have dif-
ferent transporters and biochemical properties than
those in normal tissues.

Toxicity of anticancer agents to endothelium of nor-
mal tissues

The morphologic and metabolic properties of
endothelial cells and their plasma membrane are
major factors in maintaining a proper functional
relationship between the blood and either normal or
malignant tissues. In addition, the endothelium may
control, through a poorly detailed mechanism, inter-
stitial (e.g. fibroblast) cell migration and pro-
liferation [17]. As mentioned above, sufficient het-
erogeneity exists in the properties of endothelial cells
to allow speculation that some selective interaction
could occur between pharmacologic agents and
specific vascular beds. Obviously, if the agent were
toxic, disruption of the endothelium andits attendant
properties could have significant adverse effects on
normal or tumor tissues. The herbicide paraquat,
hyperoxia, and endotoxin all initially damage the
endothelium and can cause significant organ toxicity
[18-22]. Many antitumor agents are administered
intravenously and are highly reactive. Consequently,
the drugs presumably are presented to the endo-
thelium in relatively high concentrations, at least for
brief periods, and it is reasonable to consider them
as potential toxins to the endothelium.

The best studied aspects of endothelial injury are
the morphological changes, especially those in the
pulmonary vasculature, Therefore, we will focus
most of our attention on injury to that organ. The
pulmonary endothelium appears to have a limited
morphological repertoire of responses to toxins.
Thus, with endotoxin [22], hyperoxia [21], anti-
neoplastic agents [1-6, 23-25], or ionizing irradiation
[17], the morphologic manifestations of the endo-
thelial damage in the lungs are similar and do not
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offer a reliable method for distinguishing the etio-
logical agent. These ultrastructural alterations due
to acute injury appear in the following chronological
order: (a) formation of blebs, which are cytoplasmic
extrusions located on the luminal surface of the
endothelium, (b) autolytic vacuole formation, (c)
intracytoplasmic edema, and (d) detachment of
degenerated endothelium [7]. Complementing these
morphologic aberrations, biochemical and functional
changes after toxin exposure also have been
observed, as outlined below.

Morphological and biochemical investigations in
both man and animals indicate that pulmonary endo-
thelial damage occurs soon after treatment with some
antitumor agents, including bleomycin, cyclophos-
phamide, nitrosoureas and ionizing irradiation.

(a) Bleomycin. Best studied has been bleomycin,
which produces a dose-limiting pulmonary toxicity
that often is fatal [24, 25]. Adamson and Bowden [2]
first reported in mice that the initial site of pulmonary
toxicity after bleomycin treatment is to the capillary
endothelium. Within 2 weeks after repeated bleo-
mycin injections, bleb formation is seen on endo-
thelium of the pulmonary arteries and veins followed
by intracytoplasmic edema and capillary involvement
by 4 weeks. Subsequent studies by a number other
investigators [1-5, 26] confirmed these morphologic
changes. Aso et al. [1], in fact, found that pulmonary
capillary endothelial damage occurs as soon as 3 days
after bleomycin injection. Biochemical abnormali-
ties, which may reflect damage associated with the
endothelium, also appear to be a prominent feature
of bleomycin treatment. For example, bleomycin
appears to decrease the single-pass transpulmonary
removal of norepinephrine, 5-hydroxytryptamine,
and prostaglandin E, (PGE,) [3-5, 27]. These pro-
cesses are believed to be mediated by the
endothelium. Some circulating substances, such as
serum PGE,, thromboxane B,, 6-keto-PGF; and
angiotensin converting enzyme, are also believed
to reflect endothelial integrity and are altered by
bleomycin [3-5,28]. Many of these changes may
precede pulmonary fibrosis and may be reversible
[3]. Evidence of endothelial damage by intravenous
or intraarterial injection of bleomycin has also been
reported as an untoward effect in humans [26,
29-31]. For example, Burkhardt et al. [26] found
detachment of the arteriole endothelium from the
underlying tissue in addition to endothelial edema,
intracytoplasmic vacuole formation, and luminal
projections. Pohler et al. [30] identified changes in
human serum angiotensin converting enzyme activity
after bleomycin therapy. Hilgard and Hossfeld [31]
observed a transient decrease in the peripheral plate-
let counts in patients treated with bleomycin and
postulated that platelets were sequestered in lung
capillaries due to bleomycin-induced early endo-
thelial damage. Thus, it seems likely that bleomycin
produces endothelial damage in both animals and
humans.

The molecular mechanism by which bleomycin
produces endothelial injury is unclear. Bleomycin,
when complexed with iron(IT) and fueled with reduc-
ing equivalents, can catalytically generate radical
species perhaps at the rate of 5000 moles per min per
mole of bleomycin, which could react with cellular
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nucleophiles, most notably DNA and membranes
[32]. Binding to plasma membrane of malignant cells
and alterations in plasma membrane enzyme func-
tion have been observed [33-35]. Whether similar
events occur with endothelial cells remains to be
established, although exposure of cultured bovine
endothelial cells to bleomycin can induce cellular
retractions and alters platelet and tumor cell binding
[35]. It seems possible that damage to the pulmonary
endothelium could result in more drug entering the
interstitial space and interacting with fibroblasts or
pneumocytes [25]. Alternatively, loss of endothelium
could reduce the degradation of substances, such as
bleomycin or PGE,, or block the release of factors,
which affect collagen production and the interstitial
extracellular matrix [27]. This may explain the
observed enhanced pulmonary toxicity reported with
bleomycin and either X-irradiation or oxygen [24].

The relative sensitivity of the pulmonary endo-
thelium to bleomycin may relate to the levels of
bleomycin hydrolase, which cleaves ammonium from
the carboxamide moiety on the B-alanine region of
bleomycin to yield the inactive desamidobleomycin
product [36,37]. The cytosolic enzyme, which has
not been fully characterized, is heterogenously
expressed in pulmonary cells. In rabbits but not
bovine pulmonary artery endothelial cells high levels
are seen compared to that found in epithelial cells
[37]. The levels of bleomycin hydrolase in pulmonary
cells from other species have not been determined,
nor is much known about the intracellular regulation
of the enzyme activity. Antibodies to this enzyme
should permit cellular mapping in lung tissue. It is
possible that reported murine strain differences [38]
in sensitivity to bleomycin may reflect altered content
or distribution of this protective enzyme.

(b) Cyclophosphamide. All of the alkylating agents
in clinical use, with the exception of thiotepa and
nitrogen mustard, have been implicated as pul-
monary toxins [39]. Most notably the alkylating agent
cyclophosphamide can produce both acute res-
piratory complications and chronic pneumontitis
with interstitial fibrosis, leading to fatal respiratory
failure [39-40]. As with bleomycin, one of the ear-
liest observable pulmonary effects of cyclophospha-
mide treatment appears to be endothelial damage.
Gould and Miller [6] found by transmission electron
microscopy endothelial bleb formation, degener-
ation, and focal sloughing 24 hr after a single intra-
peritoneal injection of 200 mg/kg cyclophosphamide
into rats. Cellular injury was not limited, however,
to the pulmonary endothelium because there also
was focal sloughing of pneumocytes, basal lamina
denudation, and septal edema. At the level of light
microscopy, the earliest detectable changes were
seen at 48 hr after cyclophosphamide administration
and comprised irregularly distributed foci of peri-
vascular edema, septal widening, capillary conges-
tion, and minute hemorrhages.

Unlike most antitumor agents, cyclophosphamide
must be activated by the monooxygenase system,
which leads to the formation of 4-
hydroxycyclophosphamide and aldophosphamide
[41]. 4-Hydroxycyclophosphamide is quite reactive
and unstable in aqueous solutions. The pulmonary
injury associated with cyclophosphamide may be due
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to the direct toxic effect of 4-hydroxycyclophos-
phamide or products of aldophosphamide produced
from cyclophosphamide in situ [41]. The relative
sensitivity of the pulmonary vasculature may be due
to a slow rate of deactivation of the biologically
active metabolites [41]. Since cyclophosphamide can
disrupt carbohydrate, lipid, energy, amino acid, pro-
tein, and nucleic acid metabolism [41], it is possible
that actions other than DNA alkylation may have
greater importance in damaging the endothelium and
normal pulmonary tissue.

(c) Nitrosoureas. The toxic lung damage associated
with the nitrosoureas, such as 1,3-bis(2-chloroethyl)-
1-nitrosourea (BCNU), is a fibrosing alveolitis and
interstitial pneumonitis, which can produce pul-
monary fibrosis, restrictive pulmonary failure, and
death [23,24, 39]. Although acute pulmonary tox-
icity has been reported in both monkeys and dogs
[42], in cont1ast to studies with bleomycin and cyclo-
phosphamide, attempts appear not to have been
made to characterize histologically both the temporal
sequence of events and the cell types damaged. Smith
and Boyd [23] have noted changes in pulmonary
and serum angiotensin converting enzyme activity in
animals after BCNU treatment and concluded that
this reflected initial endothelial injury. Nicolson and
Custead [35] reported that BCNU causes cultured
endothelial cells to retract. Most nitrosoureas main-
tain both alkylating and carbamoylating actions
towards nucleophilic sites. Although the molecular
target and mechanism of nitrosourea-induced endo-
thelial and pulmonary toxicity have not been estab-
lished, Weiss et al. [39] speculated, based upon a
review of clinical case reports, that DNA damage
due to alkylation was responsible for lung injury.
The availability of nitrosoureas with different alkyl-
ating and carbamoylating components should pro-
vide powerful tools to determire in experimental
models which reactive moiety is important in endo-
thelial damage and pulmonary fibrosis.

(d) Ionizing irradiation. The endothelium also
appears to be the initial pulmonary site of damage
after ionizing irradiation, such as that used in cancer
radiotherapy. For example, between 1 and 2 weeks
after 650 rads, endothelial injury accompanied by
interstitial edema was seen morphologically in mouse
lungs {2, 43]. As with anticancer chemotherapeutic
agents, a period of endothelial proliferation
followed. Thus, acute endothelial injury may be
repaired while, after larger doses of irradiation (1000
rads), regeneration is affected and fibrosis proceeds.
Kwock et al. [44] found that after irradiation amino
acid transport is readily impaired in cultured endo-
thelium but not in fibroblasts. Thus, the lung toxicity
associated with ionizing irradiation may reflect early
toxicity to endothelium, although the cause of cellu-
lar specificity for this damage is unclear.

Toxicity to the endothelium of solid tumors

As previously mentioned, solid tumors require an
endothelial-laden vasculature. The endothelial cells
in solid tumors have a much higher mitotic rate than
that found in normal tissue [14, 15, 45, 46]. During
certain phases of tumor growth, the mitotic rate of
the endothelium actually approaches and may equal
that of the malignant cells, perhaps due to the
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response to tumor angiogenesis factors [47]. The
relationship between vascular development and
tumor demands for nutrients and oxygen is likely to
be fragile. Thus, an untested but reasonable hypoth-
esis is that some of the specificity of our current
antitumor agents to solid tumors may reflect their
ability to damage the capillary endothelium of the
tumors with subsequent loss of nutrients and necrosis
[45]. Irradiation and cytokines, such as tumor necro-
sis factor [48], may also act in part by destruction of
the solid tumor endothelium. An equally provocative
question is whether agents can be developed that
selectively recognize the presumed phenotypically
unique properties of the tumor endothelium. For
example, toxins, such as ricin or abrin, linked to
antibodies directed against the antigens on the
plasma membrane of the tumor endothelium could
be ideal since their large mass would restrict their
initial interactions to vascular targets. Perhaps the
high proliferation rate of endothelial cells in tumors
permits the expression of specific antigens that could
be exploited [14, 15, 45,46], although accelerated
proliferation of endothelial cells in normal organs
during healing or after drug- or radiotherapy-induced
injury might limit this approach. It is unfortunate
that such agents would evade detection in our
current cultured tumor cell models or peritoneally-
maintained mouse ascites tumor screens for clinically
useful antineoplastic agents. Efforts should be
directed toward examining these questions.

Summary

The vascular lining of the blood vessels to normal
organs and malignant tissues would be expected to
reflect the functional demands placed upon it. These
functional requirements may be accomplished by
specific biochemical macromolecules, some of which
are localized on the plasma membrane of the endo-
thelium. Considerable evidence exists that toxicity to
at least some normal organs caused by antineoplastic
agents is heralded by endothelial damage. This endo-
thelial damage may reflect a specific drug-endo-
thelium interaction, the mechanism and basis of
which are not yet understood. The possibility also
exists that destruction of solid tumors by currently
employed antitumor agents is mediated in part by
local loss of essential vasculature. Selective destruc-
tion of the tumor endothelium could be a rational
and novel target to which drugs could be designed.
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