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Abstract During angiogenesis, formerly differentiated human microvascular endothelial cells (HMECs) return to 
a proliferative growth state. Many fundamental questions regarding HMEC function, such as how HMECs adapt to 
changes in bioenergetic requirements upon return to proliferative growth, remained unanswered. In this study, we 
evaluated whether modifications in HMEC bioenergetic profiles and glutathione (GSH) levels accompanied the cellular 
transition between differentiated and proliferative growth. To provide insight into the continuum of cellular adaptations 
that occur during this transition, we used a method recently developed in our laboratory that induces a state of 
morphological and functional predifferentiation in HMECs. Cellular morphology, in conjunction with flow cytometric 
DNA analyses and HMEC functional assays (the directed migration and intercellular association involved in microtubule 
formation) were employed to validate the HMEC culture state of growth. Analysis of the HPLC nucleotide profiles 
disclosed several findings common to all culture growth states. These uniform findings, e.g., cellular energy charges 
> 0.90, and highly reduced redox states, revealed that cultured HMECs maintain high rates of oxidative metabolism. 
However, there were also significant, culture growth state related differences in the nucleotide profiles. Proliferative 
HMECs were shown to possess significantly higher (relative to both large vessel endothelial cells, and differentiated 
HMECs) levels of GSH and specific nucleotides which were related with a return to the active cell cycle-ATP, GTP, UTP, 
and CTP, and NADPH. Further, the nucleotide profiles and GSH levels of the predifferentiated HMECs were determined 
to be intermediate between levels obtained for the proliferative and differentiated HMECs. The results of this study 
demonstrate that the capacity to modulate their cellular bioenergetic status during growth state transitions is one of the 
adaptations that enable HMECs to retain a growth state reciprocity. In addition, our findings also show that HMECs, 
especially during the proliferative growth state, are biochemically distinct from endothelial cells harvested from large 
vessels, and therefore suggest that HMECs are the cells of choice to employ when studying diseases that affect the 
human microvasculature. e 1993 WiIey-Liss, Inc. 
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In addition to their well recognized role as 
conduits for blood-borne products, endothelial 
cells participate in many other functions, which 
include immunological interactions (by expres- 
sion of specific adhesion molecules such as the 
endothelial leukocyte adhesion molecule [ELAM- 
111, phagocytosis and modification of low density 
lipoproteins, and response to  angiogenic stimuli 
by migration, proliferation, and neovasculariza- 
tion [2,12,43,46,501. This diversity in endothe- 
lial cell function is possible due to both an inher- 
ent plasticity in the endothelial cell phenotype 
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and a heterogeneity amongst endothelial cell 
populations [5,121. Microvascular endothelial 
cells (MECs) are a specialized population of en- 
dothelial cells that share some characteristics 
with large vessel endothelial cells, but also pos- 
sess some unique cellular features [5,12,28]. 
Because the microvasculature functions as the 
primary site for tissue perfusion, nutrient ex- 
change, and cellular adhesions, MECs face strin- 
gent physiological and environmental pressures 
[3,4,9,131. However, experimental and in vivo 
evidence suggests that MECs have the capacity 
to readily adapt to changes in their microenviron- 
ment [4,8,23,24,351. The release during wound 
healing of angiogenic factors is one such environ- 
mental modulation that necessitates an MEC 
response [14,15,27,321. Because MECs retain a 
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growth state reciprocity, differentiated MECs 
can re-enter a proliferative growth state and 
therefore respond to the need for neovasculariza- 
tion [4,33]. 

Due to overlap in their physiological roles, 
both proliferative and differentiated MECs share 
some cellular needs inclusive of (1) cytoprotec- 
tion, (2) sustained protein synthesis for cellular 
metabolism and extracellular matrix (ECM) for- 
mation and maintenance, and (3) the capacity to 
modify adhesion receptor expressionland or or- 
ganization [1,4,12,151. Further, because MECs 
function as the primary site for blood-tissue 
exchange, MECs are continually exposed to po- 
tential cytotoxic entities such as lipid peroxides 
and reactive oxygen species [4,481. Therefore, 
cytoprotection is key for MEC survival [4,48]. 
Cytoprotection is one of the many cellular func- 
tions of glutathione (GSH, glutamycysteinylgly- 
cine) [38,391. GSH, which is the primary intra- 
cellular free thiol, participates in many cellular 
roles inclusive of the inactivation of reactive 
oxygen species, (GSH peroxidase), detoxification 
of xenobiotics (GSH-S transferases), and the 
provision of reducing equivalents and mainte- 
nance of thiol dependent enzymatic activity 
(GSH and glutaredoxin) [21,38,391. Numerous 
publications have focused on the importance of 
GSH’s contribution in both cellular protection 
and cell cycle kinetics [6,30,34,37,451. Although 
the microvasculature is a site where the pres- 
ence of GSH would be beneficial, t o  our knowl- 
edge, there are no publications that report levels 
of GSH in human MECs (HMECs) during either 
proliferative or differentiated growth. 

The return of formerly differentiated HMECs 
to the active cell cycle is accompanied by an 
alteration in cellular bioenergetic requirements 
[10,19,42]. Because during S, the DNA synthe- 
sis phase of the cell cycle, there are increased 
demands for both high energy phosphates and 
reducing equivalents, there are likely modifica- 
tions in the HMEC bioenergetic profiles and 
GSH levels as HMECs re-enter the cell cycle 
[42]. However, due to  the difficulties encoun- 
tered in the isolation and culture of human 
MECs (HMECs), there is currently a deficit in 
the knowledge regarding many fundamental as- 
pects of these cells. Information regarding the 
response of the HMEC bioenergetic status dur- 
ing the differentiated to  proliferative growth 
transition would facilitate understanding how 
HMECs are able to modify their growth state in 
accordance with environmental demands. 

In earlier studies, we have reported on the 
importance of an intracellular parameter, the 
cellular thiol redox status, on the regulation of 
cell cycle progression [341. Relevant to this cur- 
rent study, it was found that normal human 
fibroblasts modify their GSH levels and redox 
state during the cell cycle [341. Recently, we 
reported findings that demonstrated a rapidly 
inducible modification in HMEC phenotype and 
function in response to changes in the HMEC 
milieu [351. In this recent study, it was shown 
that selective HMEC culture modifications, 
which caused an alteration in the HMEC-ECM 
interaction, resulted in the induction of a func- 
tional state of predifferentiation in HMECs [35]. 

This current study reports for the first time 
the bioenergetic status and GSH levels of cul- 
tured human microvascular endothelial cells. In 
this study, we evaluated whether modifications 
in HMEC bioenergetic profiles and GSH levels 
accompanied the cellular transition between dif- 
ferentiated and proliferative growth. Further, 
we incorporated the determination of prediffer- 
entiated HMEC GSH levels and bioenergetic 
profiles into this study to facilitate the determi- 
nation of the continuum of cellular adaptations 
that occur during the differentiated-prolifera- 
tive transition. In this paper, we report results 
that demonstrate that HMECs significantly 
modify both their bioenergetic profiles and GSH 
levels during their differentiated-proliferative 
growth transition. 

MATERIALS AND METHODS 
Isolation and Characterization of HMECs 

The endothelium of the choriocapillaris was 
specifically chosen as the source of HMECs for 
this work for several reasons. First, the inci- 
dence of ocular vascular pathology, e.g., diabetic 
proliferative retinopathy, suggests that this com- 
ponent of the microvasculature is susceptible to 
environmental influences [471. Further, due to 
its unique location, this microvascular bed can 
be easily separated from the possible contaminat- 
ing cells (pericytes and retinal pigmented epithe- 
lial cells), prior to primary culture, yielding 
greater that 98% pure HMEC cultures [7,291. 

Fresh human eyes, ranging in age from 14 to 
74 years, were obtained from the Lions Eye 
Bank, or directly from The Ohio State Univer- 
sity Hospitals, and processed within 10 h post- 
mortem. Excess muscle and fat was removed, 
the eyes dipped in 95% EtOH, followed by two 
changes of phosphate buffered saline (PBS) with 
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500 pg/ml penicillin, 500 Fg/ml streptomycin, 
and 10 kg/ml amphotericin B. A circumferential 
incision was made and the anterior chamber 
was removed. The retina was then drawn into a 
pipette, and released with fine scissors for fur- 
ther processing. 

The RPE layer was removed by a modification 
of standard methods [291, with 1 U/ml dispase 
(Boehringer Mannheim), a t  37°C for 30 min, 
followed by gently trituration. After washing 
with PBS to remove the RPE layer, as well as 
any remaining dispase, a 1 mm margin was cut 
around the remnants of the optic nerve and 
peripapillary area. The choroid was then teased 
away from the sclera with fine forceps for fur- 
ther processing. 

The digestion buffer consisted of PBS with 1 
mg/ml bovine serum albumin (BSA) (Sigma), 
0.5 mg/ml each of collagenase type I (Worthing- 
ton), and I1 (Boehringer-Mannheim). Tissue was 
briefly cross-blade minced, and transferred to a 
shaker flask for a 30 to 60 min digestion at  3TC, 
in a shaking water bath. The digest was tritu- 
rated and diluted 10-fold with PBS, and layered 
onto a 5% BSA gradient, at unit gravity for 30 
min. The middle zone was collected and centri- 
fuged for 5 min at 800 rpm. 

The pellet was resuspended in endothelial cell 
growth medium consisting of M-199 (GIBCO), 
completed with 15 mM HEPES, 90 pg/ml Na- 
heparin, 150 kg/ml endothelial cell growth 
supplement (ECGS, prepared in-house), and 10% 
fetal bovine serum (Hyclone) (ENDO-C). The 
isolate was then plated onto human fibronectin- 
coated (25 Fg/ml, hFN), 6-well tissue culture 
plates, and incubated at 37"C, 5% COz, for 5-7 
days without disturbing the plate. After this 
period, the wells were inspected for colonies, and 
the medium was replaced with fresh ENDO-C. 

Endothelial colonies were readily identified by 
morphology in most primary cultures, which 
allowed for selective removal of any remaining 
contamination cell types (pericytes). Nonendo- 
thelial colonies, and individual cells were re- 
moved by vacuuming. 

Identification of HMECs has been based upon 
morphological characteristics, expression of spe- 
cific adhesion receptor molecules, and spontane- 
ous formation of tubules in culture [8]. Our 
NMECs have been identified as endothelial in 
origin by Dil-Ac-LDL uptake, with standard 
methods [Voyta et al., 19841, using human um- 
bilical vein endothelial cells as the positive con- 
trol, and human normal dermal fibroblasts as a 

negative control [50]. In addition, cultures were 
shown to have positive staining for ELAM-1 [51, 
after induction by TNF-a. Within 14 to 21 days 
after achieving contact inhibition, our HMEC 
cultures demonstrated the spontaneous forma- 
tion of microtubules [81. These cultures have 
also been screened for the absence of epithelial 
cytokeratins using a pan-keratin monoclonal an- 
tibody (Hybritech). The antibody HMB45 
(DAKO), was used to determine the absence of' 
any melanin-producing capability. Finally, cul- 
tures were shown to be nonpericyte by standard 
immunocytochemistry for smooth muscle-spe- 
cific alpha actin (Sigma). 

Modulation of HMEC Growth State 

Cultures of HMECs were permitted to achieve 
spontaneous differentiation by employing meth. 
ods reported by Ingber and Folkman, 1989 124 I 
HMEC cultures were permitted to achieve con- 
tact inhibition, and fed approximately one-third 
fresh media to the two-thirds conditioned media 
every fourth day. Within 14 to 21 days after 
reaching contact inhibition, the appearance of 
microtubules in the cultures was noted. 

Cultures of HMECs were also induced to en- 
ter a predifferentiated growth state, by methods 
reported in our recent publication [35]. Briefly, 
HMECs were cultured for 48 h in a low serum 
(0.3% FBS) M-199 medium that contained a 
final concentration of 4 mM ethionine (Sigma 
Chemical Co., St. Louis, MO). 

Validation of HMEC growth state was deter- 
mined by the use of three parameters-cellular 
morphology [23,24], functional assays (directed 
migration and intercellular association) [35]. and 
flow cytometric DNA analyses. 

Determination of Total Cellular GSH 

After harvesting and centrifugation, the cell 
pellet was resuspended to a volume of 0.5 ml in 4 
mM EDTA-PBS for number and viability (trypan 
blue exclusion) quantification. Proteins were pre- 
cipitated via addition of an  equal volume of 2hl 
perchloric acid (PCA). The samples were stored 
at -20°C. Twelve hours or less prior to assay, 
the supernates were neutralized to pH 6.02 (us- 
ing 2M KOH + 0.4 M morpholineethanesul- 
fonic acid (MES), (Sigma Chemical Co., St. Louis, 
MO), and frozen overnight. 

Cell pellets from samples used in GSSG deter- 
mination were resuspended to 1 ml in ice cold 1 
M PCA, 1 mM EDTA, 0.02 M NEM (N-ethyl- 
malemide, Sigma Chemical Co., St. Louis, MO). 



Human Microvascular Cell inherent Plasticity 3 63 

Samples were stored at -20°C. Twelve hours or 
less prior to the assay, the samples were thawed, 
1 ml of 1.3 M K2HP04 was added, samples were 
stirred for 30 min, and then centrifuged to pellet 
the KCI04 salt. The NEM contained in the GSSG 
samples (which were kept on ice during the 
extraction) was removed by 5 extractions, using 
a 2-fold excess of ice-cold, H,O-saturated ethyl 
acetate. A light stream of N, gas was used to 
remove any residual ethyl acetate, and the 
samples stored at -20°C overnight. For control 
purposes, the GSSG standards underwent the 
same ethyl acetate extraction as the GSSG 
samples. 

Cellular levels of total GSH (GSH, and the 
disulfide, GSSG) were determined according to 
the method of Eyer and Podhradsky [ill. 
NADPH, GSH, GSSG, glutathione reductase 
(GR) (Type IV), and DTNB were obtained from 
Sigma. The enzymatic kinetics in the Eyer assay 
have been modified so that the GR catalyzed 
step is no longer rate limiting. Therefore, this 
method is much less susceptible to any endog 
enous, intrasample GR inhibitors [411. 

Rapid reaction kinetics were followed on a 
SLM-AMINCO DW 2C dual wavelength spectro- 
photometer, with the following instrument set- 
tings: 412 nm vs. 550 nm, 3 nm bandwidth, 0.05 
Abs, 50 sec/in. Sample concentrations (nmol/ 
ml) were determined by comparison with a 10- 
point standard curve conducted concurrently. 
The GSH standard curve ranged from 0.2 
nmol/ml to 2 nmol/ml; the GSSG standards 
ranged from 0.125 nmoliml to 1.5 nmoliml. 
Both the GSH and the GSSG standard curves 
were linear over their entire range, and results 
were expressed as GSH or GSSG/mg protein. 

Determination of Cellular Bioenergetic Status 
and Redox Poise [ratio NAD(P)H/NAD(P)I 

Cellular levels of nucleotides and nucleosides 
were determined by high performance liquid 
chromatography (HPLC) by a modification the 
method of Harsem et al. [19821 [HI.  

Cells were harvested, washed twice with PBS, 
and resuspended in 500 p1 of serum-free me- 
dium. Cellular extraction were conducted in 
chilled microfuge tubes that contained a bottom 
layer of 100 ~1 of 2 M perchloric acid (PCA) with 
an overlying organic layer comprised of 500 p1 of 
93% bromododecane (BDD), and 7% dodecane 
(DD). The cell samples were gently layered over 
the ice cold BDD/DD/PCA, centrifuged for 1 
min at 15,000 rpm, and the top aqueous phase 

removed with a pasteur pipette. A cotton swab 
was used to remove the BDDIDD, and clean the 
sides of the tube. The cellular pellet was dis- 
persed by addition of 200 p1, ice-cold H20,  fol- 
lowed by vigorous vortexing. The resuspended 
cellular extracts were kept on ice for 10 min, and 
then centrifuged for 1 min at 15,000 rpm. The 
PCA extract was the transferred to another cold 
microfuge tube, and 500 pl of freshly prepared, 
ice cold, 4:l freon:trioctylamine was added to 
extract the lipids, and to neutralize the PCA. 
The sample was vortexed at  maximum speed for 
30 s, and then centrifuged for 1 min at 15,000 
rpm. The clear, aqueous layer was removed, 
added to an equivalent volume of ice cold HzO, 
and stored at -20°C until injected onto the 
HPLC column. 

Chromatography 

Adenine, nicotinamide nucleotides, and respec- 
tive nucleosides were separated on a Partisil 10 
SAX column (Whatman) using a phosphate and 
pH gradient [17]. Buffers were prepared fresh 
on the day of use, filtered through a 0.2 FM 
Millipore membrane filter, and degassed by he- 
lium spargling. Buffer A consisted of 0.01 M 
H3P04, pH 2.65, buffer B was 0.75 M KH2P04, 
pH 4.5, with detection at 254 nm. Because re- 
duced nicotinamide nucleotides undergo degra- 
dation during acid extraction, PCA exposed 
NADH and NADPH standards were used to 
determine the position of the reduced nicotin- 
amide nucleotide degradatory fragments. Nota- 
bly, both the NADH and NADPH peaks sepa- 
rated at distinct sites from other peaks, and the 
area under the NADH and NADPH peaks re- 
mained constant during varying lengths of PCA 
exposure [201. 

On many of the cellular samples, the UTP and 
CTP peaks co-eluted. Therefore, the levels of 
these high energy phosphates are expressed as 
UTP and CTP. 

Protein Determination 

Cellular protein levels were determined by the 
Lowry method, using bovine gamma globulins 
as the standard protein [31]. To remove any 
residual BDD/DD, the nucleotide protein 
samples were washed twice in acetone and given 
a 4 min, 15,000 rpm centrifuge step after each 
wash. To determine if the BDD/DD separation 
and the acetone washing affected the sample 
protein content, or its optical density, bovine 
gamma globulin standards were centrifuged 
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through BDD/DD, and washed twice with ac- 
etone. Comparison of the optical densities ob- 
tained between treated and nontreated bovine 
gamma globulin standards demonstrated that 
the acetone wash did not affect optical densities, 
nor did it cause protein loss. 

HMEC Nuclei Isolation, Staining, 
and Flow Cytometry 

Nuclei were isolated in accordance with the 
method of Pollack, 1990 [441. After harvesting, 
the HMECs were washed with PBS, and then 
resuspended in 1 ml of ice cold nuclear isolation 
buffer (0.5% Nonidet P-40, 0.05 M NaC1, 1.0 
mM EDTA, 0.05 M Trizma base:HCl, pH 7.41, 
and vortexed at  maximum speed for 5 s. Then, 2 
ml of 0.03 M NaHC03 and 12 ml of PBS-0.02% 
EDTA were added, and the nuclei centrifuged at 
4"C, 1,OOOg for 10 min. The supernate was care- 
fully removed, and the nuclear pellet was resus- 
pended in 2 ml PBS-0.02% EDTA, followed by 
0.8 ml of 4% formaldehyde. The sample was 
mixed well, and stored at 4°C until awaiting 
staining with propidium iodide (PI). 

Prior to DNA staining, RNA was removed by 
treating the nuclei with 150 U/ml of RNAase 
(RNAase A, Worthington Biochemicals, Free- 
hold, NJ), for 20 min at 37°C. DNA was stained 
by suspending the nuclear preparation in 50 
kg/ml PI (Sigma), and incubated overnight at 
4°C. 

The propidium iodide stained nuclei were ana- 
lyzed on an Epics ELITE flow cytometer (Coulter 
Electronics, Inc. Hialeah, FL). The excitation 
beam, 12 mW from the 488 nm line of the 
air-cooled argon laser (Cyonics), was focused 
through a 8 mm x 80 mm beamshaper lens 
(Coulter 6604660). The pulse area and peak of 
the PI emission were collected through a 488 
long pass dichroic, a 488 blocker filter, and fi- 
nally a 550 long pass dichroic and then plotted 
as the abscissa and ordinate of a cytogram. A 
logic gate region was drawn on this cytogram to  
exclude doublet and higher order aggregate 
events from analysis. At least 5,000, but usually 
20,000, events of interest were collected. 

The histograms were processed with the cell 
cycle analysis software MULTICYCLE, (Phoe- 
nix Flow Systems). Debris background was cal- 
culated and subtracted. 

RESULTS 

Preliminary studies, conducted to evaluate 
HMEC growth properties, showed that HMEC 

morphology is markedly affected by the culture 
growth state (Fig. 1). Proliferative HMECs pos- 
sess a nonpolar, cobblestone morphology, and 
contain numerous mitotic figures. In contrast, 
differentiated HMECs have a polar, elongated 
phenotype and demonstrate spontaneous forma- 
tion of microtubules. These initial growth char- 
acterization studies also demonstrated that 
HMECs not only show a reciprocity between 
proliferative and differentiated growth, but also 
that this growth state transition occurs in an 
expeditious fashion. Within hours after return 
to  noncontact inhibited growth state, differenti- 
ated HMEC cultures returned to proliferative 
growth (Fig. 2). 

Although the proliferative and differentiated 
HMEC cultures possessed distinctive light micro- 
scopic appearances, flow cytometric DNA analy- 
ses were conducted to confirm the culture state 
of growth. The cell cycle distributions deter- 
mined by flow cytometric DNA analyses were 
congruent with the HMEC light microscopic 
appearance (Fig. 3). While the DNA profiles of 
proliferative HMECs demonstrated ongoing cell 
cycle progression, the differentiated HMEC his- 
tograms revealed that differentiated HMECs 
were in a quiescent growth state, with 2 84% of 
the differentiated cultures in the GO/G1 phase 
of the cell cycle. These findings, in conjunction 
with the HMEC microscopic appearance and 
functional assay responses [35] ,  confirmed that 
the proliferative and differentiated cultures were 
in active or quiescent growth states, respec- 
tively. Biochemical studies were also conducted 
on a third culture group, HMECs that were 
cultured in a low serum, ethionine containing 
medium. Previously, we have shown that this 
protocol results in induction of a state of pheno- 
typic and functional predifferentiation in HMECs 
[351. 

Studies were conducted to determine if hu- 
man endothelial cells isolated from other sites 
(large vessel-human umbilical endothelial vein) 
also possessed a growth state reciprocity. Re- 
sults of initial studies showed that in contrast to  
HMECs, human endothelial vein endothelial 
cells (HUVECs) were not capable of undergoing 
differentiation under the same culture condi- 
tions that induced differentiation in HMECs. 
Failure to  pass HUVEC cultures within 24 h 
after culture confluence resulted in a marked 
loss of cellular attachment and viability. Within 
72 h after reaching contact inhibition, there was 
complete loss of the HUVEC cultures. 
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Fig. 1 .  Growth state related modifications in human microvas- 
cular endothelial cell (HMEC) morphology. Proliferative HMECs 
are characterized by a cobblestone morphology (A), whereas 
predifferentiated HMECs assume a spindled phenotype (6). 
Mitotic figures are noted within 24 h after HMEC transition 
from a predifferentiated to a proliferative growth state (C). 
Spontaneous microtubule formation was noted in differentiated 

HMEC cultures (D). HMECs were photographed: A = during 
proliferative growth ( x 100); B = after induction of predifferen- 
tiation via the low serum, 4 m M  ethionine protocol ( ~ 1 0 0 ) ;  
C = following a 24 h culture in ethionine-free, complete 
medium after induction of predifferentiation (X250); D = 
during spontaneous differentiation ( ~ 2 5 0 ) .  

Several uniform findings, which were indepen- 
dent of the culture state of growth, were found 
during the analysis of the HPLC nucleotide pro- 
files (Table I). As anticipated, due to its recog- 
nized position as the primary cellular energy 
reserve, ATP was the main high energy phos- 
phate in all of the HMEC cultures. Further, all 
of the HMEC growth states possessed an en- 

ergy charge (e.c. = [ATPI + % [ADPl/[ATPl + 
[ADPI + [AMPI) indicative of ongoing, active 
oxidative metabolism, i.e., 0.97, 0.93, 0.96, for 
the proliferative, predifferentiated, and differen- 
tiated HMECs, respectively. In addition, all of 
the HMEC cultures possessed a highly reduced 
redox poise, which is expressed as the ratio 
NAD(P)H/NAD(P)+. The redox states were de- 
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Fig. 2. Growth state reciprocity of human microvascular endo- 
thelial cells (HMECs). Within 24 h after passage to a noncontact 
inhibited growth state, mitotic figures were visible in the for- 
merly differentiated HMEC cultures. HMECs were photo- 
graphed: A = during spontaneous differentiation (~100) ;  B = 
formerly differentiated cultures, 24 h after passage to a noncon- 
tact inhibited growth state ( ~ 1 0 0 ) .  

termined to be 0.90, 0.90, and 1.03 for the 
proliferative, differentiated, and predifferenti- 
ated cultures, respectively. Further, in all of the 
HMEC growth states, NADH was the primary 
form of reduced nicotinamide nucleotides. 

However, in addition to these uniform nucleo- 
tide findings, other components of the HPLC 
nucleotide profiles demonstrated that there were 
also major bioenergetic differences. Further, this 
variation in nucleotide profiles was associated 
with the HMEC state of growth. Significantly 
increased levels of the high energy phosphates 
ATP, GTP, and UTP and CTP were detected in 
the proliferative HMEC cultures relative to lev- 
els detected in either the differentiated or predif- 
ferentiated HMECs (Table I). Further, prolifera- 
tive HMECs possessed significantly higher levels 

of ADP and NADPH, relative to differentiated 
HMECs. Higher levels of total adenine nucleo- 
tides (AMP + ADP + ATP), total nicotinamide 
adenine dinucleotides (NAD' + NADH), and to- 
tal nicotinamide adenine dinucleotide phos- 
phates (NADP+ + NADPH) were detected in 
proliferative HMECs relative to other growth 
states. In addition, predifferentiated HMECs 
were shown to contain nucleotide levels which 
were intermediate between those obtained from 
the proliferative and differentiated HMECs. 
These findings are consistent with the prediffer- 
entiated cellular phenotypic appearance and 
functional behavior [351. 

Further, from a cellular biochemical perspec- 
tive, both the processes of HMEC predifferentia- 
tion and differentiation were readily reversible. 
Within 48 h after culture in an ethionine free, 
rich medium (predifferentiated HMECs, n = 4), 
or passage to a noncontact inhibited growth 
state (differentiated HMECs, n = 4), cellular bio- 
energetic profiles and GSH status returned to  
levels detected in proliferative HMECs. These 
findings demonstrated that the HMECs' growth 
state reciprocity encompassed not only func- 
tional [351 and morphological aspects, but also 
cellular biochemical components. 

Results of the HMEC GSH determinations 
showed that, like the cellular levels of high en- 
ergy phosphates, HMEC GSH levels reflected 
the cellular state of growth. The highest levels 
of GSH were found in proliferative HMECs, 
while the intermediate and the lowest levels of 
GSH were present in the predifferentiated and 
differentiated cultures, respectively (Table I I.  
Levels of GSSG were nondetectable (<0.01 
nmol/ml) in all of the HMEC samples. 

DISCUSSION 

Novel information regarding endothelial cell 
biology is reported in this paper, in that we are 
the first group to characterize the bioenergetic 
status and GSH levels of human microvascular 
endothelial cells. Further, the results of thls 
study demonstrate, for the first time, that as a 
component of their differentiated-proliferative 
growth state transition, HMECs significantly 
modify their morphology, bioenergetic profile 
and GSH status. While these findings are consis- 
tent with the predictable biochemical and mor- 
phological accommodations that would be requi- 
site for HMEC re-entry into the cell cycle, the 
fact that these cellular modifications occur is 
indicative of the inherent plasticity present in 
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Fig. 3. Representative histograms of DNA-related fluores- 
cence of propidium iodide stained human microvascular endo- 
thelial cell nuclei that were harvested: A = during proliferative 
growth; B = after spontaneous differentiation. Flow cytometry 
data cell cycle distributions were determined by utilization of 

the HMEC phenotype. Further, by demonstrat- 
ing this biochemical adaptability and environ- 
mental responsiveness, this study helps to clarify 
how HMECs manage to retain a growth state 
reciprocity. 

The morphological changes observed in this 
study during the proliferative-differentiated 
growth transition are in agreement with alter- 

%G1 = 84.9 
%G2/M = 10.7 

%S = 4.3 

the cell cycle analysis software MULTICYCLE, using a zero order 
(the most conservative exponential order) to determine the S 
phase compartment shape. The shaded area represents the S 
phase. 

ations in cellular shape detected in previous 
endothelial cell studies [24,33,491. Those prior 
studies, conducted in HMECs, human umbilical 
vein endothelial cells (HUVECs), and animal 
endothelial cells, demonstrated that similar cel- 
lular shape alterations, e.g., assumption of a 
spindled morphology, occurred during the induc- 
tion of differentiation [24,33,49]. Our results, in 
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TABLE I. HPLC Nucleotide Analyses of Human Microvascular Endothelial Cells (HMECs) Assayed 
During the Following Growth States: Proliferative (PRO) n = 15, Predifferentiated (PRE) n = 8, 

Differentiated (DIF) n = 8t 

-. Nucleotide PRO PRE DIF 

AMP 0.92 t 0.44 
ADP 2.37 ? 0.43" 
ATP 
Total 63.69 42.20 34.81 
(ATP+ADP+AMP) 
NAD+ 8.79 ? 1.47 7.70 2 1.96 5.72 t 1.46 
NADH 6.45 t 1.29 6.61 t 0.81 4.44 t 1.10 

Total 15.24 14.31 10.16 
(NAD+ + NADH) 
NADP' 
NADPH 1.81 2 0.45* 1.78 t 0.35*** 0.98 t 0.19*""' 
Total 2.17 2.22 1.26 
(NADP++ NADPH) 
GTP 8.72 t 0.51****** 6.39 t 1.71***** 5.80 ? 1.02* 
UTP & CTP 4.84 * 0.34***** 3.29 2 0.97**** 3.10 t 0.53* 
GSH 66.5 t 5.3*** 52.2 ? 5.2***** 32.5 2 3.8"**" 

0.88 t 0.81 0.49 ? 0.29 
2.32 2 0.42 1.72 ? 0.15' 

60.40 t 3.55** 38.20 2 9.52** 32.60 ? 5.01' 

0.36 t 0.11 0.44 t 0.14 0.28 t 0.11 

tHMEC glutathione (GSH) levels were determined by enzymatic analyses, n = 8 for each of the PRO, PRE, and DIF cultures. 
Statistical analyses were conducted with the Kruskal-Wallis one-way analysis of variance, followed by the Mann-Whitney 
U-test, *P <0.001, PRO vs. DIF; **P <0.001, PRO vs. PRE; ***P <0.001 PRE vs. DIF; ****P <0.002, PRO vs. PRE:; 
*****I' < 0.02, PRO vs. PRE. Results are expressed as nmol/mg protein, X 2 S.D. 

conjunction with the previous reports, show that 
despite the intrinsic cellular differences attribut- 
able to the site of origin, both large vessel and 
small vessel endothelial cells manifest similar 
morphological changes during the induction of 
differentiation. 

There are two probable, mutually inclusive, 
means by which the HMEC morphology was 
altered during the transition from proliferative 
to differentiated growth. The shape of anchor- 
age dependent cells, such as HMECs, is primar- 
ily determined by the contributions of the intra- 
cellular cytoskeletal tensile forces in conjunction 
with the cellular-ECM interaction [ 1,23,26,28]. 
Both of these HMEC morphological determi- 
nants (cytoskeleton and ECM interaction) are 
likely to have been modified during the prolifera- 
tive-differentiated growth state transition. The 
proliferative cytoskeletal configuration promotes 
a cobblestone, nonpolar phenotype which facili- 
tates DNA uncoiling during the S phase [23,241. 
In contrast, during differentiated growth, the 
HMEC cytoskeleton is modified to allow for a 
spindled shape [23,241. 

We have previously shown that the induction 
of the process of HMEC differentiation is accom- 
panied by modifications in the HMEC-integrin 
receptor expression andlor organization, and 
that these changes result in enhanced HMEC 

motility, augmentation of intercellular associa- 
tion, and accelerated microtubule formation [351. 
To promote differentiation in our studies. 
HMECs were maintained, as confluent, contact 
inhibited cultures. During this time, there was 
ongoing autologous remodelling and replace- 
ment of the hFN with HMEC products such its 
laminin, collagen type N, and heparin sulfate 
[4,15]. Therefore, upon achieving a state of dif- 
ferentiation, the initial hFN would have been 
significantly modified and therefore would more 
closely resemble the in vivo basement mem- 
brane of differentiated HMECs [4,15]. 

The analysis of the HMEC nucleotide profiles 
demonstrated that several uniform findings, 
which were independent of the culture gromh 
state, were present. In all HMEC cultures. as is 
true in most cells, the majority of high energy 
phosphate was is the form of ATP [361. In  addi- 
tion, all of the HMEC growth states possessed 
energy charges > 0.90. These high energy levels 
are valid indicators that during culture HMECs 
maintain high rates of oxidative metabolism. 
Another consistent finding among the HMEC 
culture growth states was the presence of a 
highly reduced redox poise. It is improbable that 
this finding of reduced redox states in all of the 
HMEC culture groups reflects cellular hypoxia, 
or a cellular handling artifact. First, all three 
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culture groups were harvested under aerobic 
conditions. Also, during hypoxia, there would be 
a precipitous drop in cellular ATP levels as the 
cells shift to  anaerobic metabolism [17,361. How- 
ever, as is evident by both the HMEC energy 
charges and the ATP levels, the cellular energy 
status was not perturbed during the HMEC 
harvesting for HPLC analysis. Therefore, it is 
proposed that the HMEC redox states reflect the 
effects of a mitochondrial state 4 stage of respira- 
tion. The ATP/ADP ratios obtained in the 
HMEC culture groups (PRO 25, PRE 16, DIF 
19) suggest that ADP is a rate limiting substrate 
for HMEC respiration. Because both orthophos- 
phate and ADP function to stimulate the activ- 
ity of FoFl ATP synthase, a relative deficit of 
mitochondrial ADP would perturb the mitochon- 
drial proton gradient by depressing the activity 
of the proton gradient maintaining enzyme, FoFl 
ATP synthase [36]. A decrease in the inner 
mitochondrial matrix proton gradient would de- 
lay the dissipation of the electron transport 
system’s electrochemical gradient, impeding the 
mitochondrial electron transport, and ultimately 
resulting in an accumulation of reduced electron 
transport carriers, such as NADH [36]. A final 
uniform nucleotide finding noted in the HPLC 
analyses was that NADH was the primary form 
of reduced nicotinamide nucleotides. These re- 
sults are consistent with the nicotinamide nucle- 
otide distributions determined in other cells, 
and likely reflect a high rate of activity of the 
NAD linked dehydrogenases that are employed 
in the oxidative pathways of metabolism 
[17,25,361. 

Although similarities in the HMEC nucleo- 
tide profiles were noted, there were also culture 
growth state related differences. Further, these 
growth state related nucleotide differences re- 
flected the ongoing cellular biochemical adapta- 
tions that would enable HMECs to return to a 
proliferative growth state. The increased levels 
of ATP, GTP, and UTP, and CTP detected in the 
proliferative HMECs would be essential both to 
provide the additional energy necessary for DNA 
synthesis (ATP and GTP), and the nucleotide 
components for DNA [36,42]. Although the ma- 
jority of high energy phosphates are maintained 
as the ribose moiety, due to ongoing DNA synthe- 
sis in the proliferative HMECs, the high energy 
nucleotide increases detected in the prolifera- 
tive HMEC cultures undoubtedly have a deoxy- 
ribose component [36]. Proliferative HMEC cul- 
tures also possessed increased levels of NADPH. 

Because NADPH functions as the ultimate pro- 
vider of reducing equivalents for an enzyme 
integral in DNA synthesis, ribonucleotide reduc- 
tase, this finding is consistent with the return of 
HMECs to the cell cycle [10,21,22]. These in- 
creases in NADPH levels suggest that the hex- 
ose monophosphate shunt, which provides two 
components necessary for DNA synthesis, 
NADPH and ribose sugars, is stimulated in pro- 
liferative HMECs [361. The proliferative HMEC 
cultures also possessed higher total levels of 
adenine nucleotides, nicotinamide adenine di- 
nucleotides, and, relative to differentiated 
HMECs, higher levels of nicotinamide adenine 
dinucleotide phosphates. It is probable that these 
findings reflect both an increased nucleotide syn- 
thesis and turnover in the proliferative cultures 
[361. 

The nucleotide profiles of the predifferenti- 
ated cultures were determined to be intermedi- 
ate between those obtained for the proliferative 
or differentiated HMECs. Recently, we have re- 
ported that exposure to ethionine induces a mor- 
phological and functional state of predifferentia- 
tion in HMECs [35]. The current study 
substantiates our earlier findings by demonstrat- 
ing that ethionine also induces a biochemical 
state of predifferentiation in HMECs. Further, 
the intermediate levels of ATP detected in the 
predifferentiated HMECs suggests that ethio- 
nine, like methionine, has the capacity to com- 
plex directly with cellular ATP [361. 

The levels of ATP obtained in the predifferen- 
tiated and differentiated HMEC cultures com- 
pare favorably with results obtained from other 
studies [40,511. Miura et al. [19921 reported 
ATP levels of 37.5 nmol/mg protein in HUVEs 
using the luciferase-luciferin chemilumines- 
cence assay [401. In addition, in a study designed 
to evaluate the effects of oxidants on endothelial 
cell permeability, Wilson et al. [19901 reported 
mean ATP levels of 34.9 nmol/mgprotein (HPLC 
and luciferase methods) in porcine pulmonary 
artery endothelial cells [51]. Notably, the levels 
of ATP detected in our study for the prolifera- 
tive HMECs, 60.40 5 3.55, are markedly in- 
creased relative to values obtained in the Muira 
or Wilson studies. There are several reasons to 
account for these differences in results. First, 
both the porcine endothelial cells (species varia- 
tion) and the HUVEs are endothelial cells ob- 
tained from large vessels. In addition, it is well 
accepted that there is a heterogeneity among 
endothelial cell populations that reflects not only 
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a species variation, but also differences attribut- 
able to the site of origin, e.g., comparison of the 
characteristics of endothelial cells obtained from 
large vessels vs. the microvasculature [4,12]. 
Further, because HUVEs are obtained from an 
end stage organ, it is probable, due to their 
imminent cessation of function, that HUVEs 
don’t retain the capacity to readily revert from 
differentiated to  proliferative growth. We main- 
tain that the increased levels of ATP detected in 
proliferative HMECs reflect an inherent HMEC 
biochemical adaptability that is integral for these 
cells’ retention of a growth state reciprocity. 

Because there is a lack of information charac- 
terizing cellular bioenergetic status in human or 
animal endothelial cells, comparison of the 
HMEC nucleotide profiles with other endothe- 
lial cells’ profiles is not feasible. However, previ- 
ous studies have reported nucleotide content in 
freshly harvested animal tissues or cells [ 17,251. 
The levels of nicotinamide adenine dinucleo- 
tides detected in this study are comparable to 
levels obtained by Kalhorn et al. [1985] in rat 
hepatic tissue 1251. However, as would be antici- 
pated, due to the participation of the liver in 
fatty acid synthesis and lipogenesis, the levels of 
NADPH obtained were higher in Kalhorn’s study 
[25,361. Geisbuhler et al. [19841 reported bioen- 
ergetic profiles in rat cardiac myocytes 1171. 
Although the HMEC nucleotide levels were in 
the same range as myocyte profiles, there were 
marked, but not unexpected, differences in com- 
parison of the nucleotide profiles between the 
HMECs and the myocytes; HMECs contained 
appreciably higher levels of ATP, GTP, UTP, 
and NADH [171. Because rat cardiac myocytes 
are terminally differentiated, these differences 
may reflect both a species and cellular variation. 

As would be anticipated, in non-oxidant 
stressed cells, the levels of GSSG remained non- 
detectable in all HMEC cultures [38,39]. The 
levels of GSH detected in human HMECs in this 
study are comparable, but slightly higher, to 
reported GSH levels found in other human cells 
[34,401. Recently, in a study designed to investi- 
gate the effect of cystine uptake on GSH levels, 
Miura et al. [19921 reported that HUVE levels of 
GSH ranged from 35 to 45 nmol GSH/mg pro- 
tein in nontreated cultures [401. Our mean lev- 
els of GSH ranged from 32.45 to 66.52 nmol/mg 
protein in differentiated and proliferative cul- 
tures, respectively. In this study, the highest 
levels of GSH were detected in HMECs that 
were in a state of proliferative growth. This 
finding is consistent with previous publications 

which have reported cell cycle related increases 
in cellular GSH levels [6,19,30,34,451. Although 
the differentiated HMEC GSH levels are in a 
range comparable to other endothelial cells, and 
therefore probably adequate for cytoprotection, 
during proliferative growth there are additional 
cellular physiological demands [40,421. There- 
fore, the additional reducing equivalents pro- 
vided by GSH (both as GSH and glutaredoxin) 
would be advantageous in maintaining the activi- 
ties of two thiol dependent enzymes integral for 
DNA synthesis, DNA polymerase alpha, and ri- 
bonucleotide reductase [10,16,21,221. 

The results of this study demonstrate that the 
HMEC biochemical plasticity is one of the adap- 
tations that enable HMECs to retain a growth 
state reciprocity. Our findings also demonstrate 
that HMECs, especially during the proliferative 
growth state, are biochemically distinct from 
endothelial cells harvested from large vessels. 
Because of the unique physiological demands 
placed upon microvascular endothelial cells, 
these findings are not unanticipated [12,27.32 I .  
In conclusion, our results show that HMECS 
have a growth state responsive biochemical phe- 
notype, and suggest that HMECs, due to  their. 
unique cellular features and functions, are thfb 
indicated cells to employ when studying diseases 
that affect the human microvasculature. 
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