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Uteroferrin Induces Lipid Peroxidation in Endometrial and Conceptus Microsomal
Membranes and Is Inhibited by Apotransferrin, Retinol Binding Protein,

and the Uteroferrin-Associated Proteins1

Jeffrey L. Vallet2

USDA, ARS, Roman L. Hruska U.S. Meat Animal Research Center, Clay Center, Nebraska 68933

ABSTRACT

Iron-containing proteins catalyze lipid peroxidation when combined with either H202 or ascorbic acid (ASC). Microsomal membranes
were prepared from Day 13 endometrial and conceptus tissues (5 pigs) and from Day 30 endometrial, placental, fetal liver, and fetus minus
fetal liver tissues (5 pigs). Microsomal membranes were subjected to the following in vitro treatments: 1) no treatment, 2) 50 M ASC, 3)
100 pM uteroferrin (UF), 4) 50 IaM ASC + 100 PM UF, 5) 50 pM ASC + 100 PM UF + 10 PIM apotransferrin (transferrin with no iron bound;
ATF), and 6) 50 M ASC + 100 M UF + 10 IFM holotransferrin (transferrin saturated with iron; HTF). For treatments 7 through 10,
membranes were preincubated (0°C, 3 h) with either 7) no treatment, 8) 50 IM fetuin, 9) 50 pM holoretinol binding protein (holoRBP: retinol
binding protein [HoloRBP] with retinol bound), or 10) 50 PM apoRBP (RBP with no retinol bound) followed by incubation with 50 PM ASC
+ 100 FM UF. Lipid peroxidation was measured in the samples as thiobarbituric acid reactive substances (TBARS). Endogenous TBARS
were greater (p < 0.05) in Day 13 conceptus than in Day 13 endometrium and were highest (p < 0.05) on Day 30 in fetal liver. Combined
ASC and UF caused a large increase (p < 0.05) in TBARS in all membranes except Day 30 placental membranes. Addition of ATF, but not
HTF, decreased TBARS production in all membrane preparations. HoloRBP, but not fetuin or apoRBP, decreased (p < 0.05) TBARS pro-
duction in all but Day 30 endometrial membranes. In other experiments, when combined with ASC, UF/UF-associated protein complex
induced less (p < 0.01) lipid peroxidation in fetal liver microsomal membranes than did free UF. Catalase and superoxide dismutase had
no effect on UF-induced lipid peroxidation in fetal liver membranes. These results indicate that 1) UF combined with ASC induces lipid
peroxidation in Day 13 endometrial and conceptus and Day 30 endometrial, fetal liver, and fetus minus liver microsomal membranes, and
2) ATF, holoRBP, and the UF-associated proteins, but not catalase or superoxide dismutase, inhibit this reaction.

INTRODUCTION

Embryonic losses (losses occurring before Day 25 of
pregnancy) in swine have been estimated at between 20%
and 40% [1-3]. Further losses occur during later pregnancy
when conceptuses are subjected to intrauterine crowding
[4, 5]. The mechanisms responsible for these losses are not
well understood.

It has been hypothesized that some aspect(s) of maternal
recognition of pregnancy may be the cause of embryonic
loss [6]. During maternal recognition of pregnancy in swine,
the conceptus secretes estrogen [7], which then stimulates
protein secretion from the endometrium [8, 9]. These en-
dometrially secreted proteins include uteroferrin (UF),
which transports iron to the developing conceptus, retinol
binding protein (RBP), which transfers retinol [10], and the
UF-associated proteins (UFAP), the functions of which are
currently not understood. Changes in endometrial protein
secretion or some other estrogen-induced change in the in-
trauterine milieu may be lethal to underdeveloped embryos
[6]. Transfer of embryos that are 24 h less developed than
the uterus results in successful pregnancy. However, co-
transfer of blastocysts that are 24 h less developed with syn-
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chronous blastocysts results in preferential loss of the asyn-
chronous blastocysts [11]. Furthermore, total embryonic loss
can be induced by administration of exogenous estrogen
before the period when normal blastocyst estrogen produc-
tion occurs [12, 13]. Estrogen treatment accelerates the nor-
mally occurring changes in endometrial protein secretion
[14]. These data support the concept that estrogen produc-
tion by more developed blastocysts in a litter may alter the
intrauterine environment, making it inappropriate for less
developed blastocysts.

Fetal losses between Days 25 and 40 of pregnancy in-
crease when conceptuses are subjected to intrauterine
crowding [15-18]. Although little information as to the
cause of this mortality is available, decreased fetal and pla-
cental weights under crowded intrauterine conditions [181
suggest that development of crowded conceptuses is re-
stricted compared to that of uncrowded conceptuses. Thus,
as in early pregnancy, changes in the intrauterine environ-
ment that are beneficial to uncrowded conceptuses could
be inappropriate for crowded, less developed conceptuses
and may cause fetal loss.

These results are consistent with the possibility that some
component of uterine secretions that is detrimental to
smaller, possibly less developed conceptuses may be the
cause of embryonic and fetal mortality. Such a component
of uterine secretions may be UF. UF is a purple, iron-con-
taining acid phosphatase, and, like free iron and many other
iron-containing proteins, purple acid phosphatases have
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been shown to induce lipid peroxidation when combined
with hydrogen peroxide [19, 201. Lipid peroxidation can be
lethal to cells [21-24]. Increased UF secretion occurs at ma-
ternal recognition of pregnancy [81 and between Days 30
and 40 of pregnancy [25], periods coincident with the em-
bryonic losses described above. Smaller, less developed
conceptuses could have decreased defenses against lipid
peroxidation, or could be less efficient in metabolizing UF,
resulting in increased damage. Although the concentrations
of hydrogen peroxide used by others [19, 20] would not be
present in vivo, iron combined with ascorbic acid (ASC) can
also catalyze lipid peroxidation [26, 27]. The effect of phys-
iological concentrations of ASC on UF-induced lipid per-
oxidation has not been investigated.

If UF can induce lipid peroxidation, mechanisms must
exist within the intrauterine environment to inhibit this re-
action. In adult humans, iron-catalyzed lipid peroxidation
is inhibited by transferrin [28], which binds iron with suffi-
cient affinity to prevent lipid peroxidation reactions. Fetal
transferrin concentrations in swine are low on Day 23 of
pregnancy and increase to Day 37, after which concentra-
tions stabilize but remain lower than adult concentrations
[29, 301. Transferrin production during the time of maternal
recognition of pregnancy has not been investigated; how-
ever, a protein with characteristics similar to those of trans-
ferrin is secreted by the conceptus as early as Day 13 [311.
It has also been shown that transferrin takes up iron from
UF in allantoic fluid if ASC is present [32, 33], suggesting
that a protective inhibitory role for transferrin is likely. This
possible role of transferrin has not been investigated.

RBP may be another defense against UF-induced lipid
peroxidation. Retinol has been reported to have antioxidant
activity in vivo [34] and when it is incorporated into mem-
branes [35]; however, the antioxidant activity of retinol
borne by RBP has never been investigated.

Another possible protective mechanism may be the
UFAP. These proteins are secreted by the uterine endome-
trium and bind UF in the reduced state [36]. Their associa-
tion with UF could inhibit the ability of UF to induce lipid
peroxidation.

Superoxide dismutase, which catalyzes the degradation
of the superoxide ion, and catalase, which catalyzes the
degradation of hydrogen peroxide, are both part of the cel-
lular defense against oxidants [28]. The effect of these en-
zymes on UF-induced lipid peroxidation is, therefore, of
interest.

The current experiments were designed with the follow-
ing objectives: 1) to determine, by use of microsomal mem-
branes from reproductive tissues as substrates, whether UF
can induce lipid peroxidation in the presence of ASC; and
2) to examine possible tissue defense mechanisms available
to inhibit this reaction such as apotransferrin, RBP, UFAP,
catalase, and superoxide dismutase.

MATERIALS AND METHODS

Preparation of Microsomal Membranes

Tissues were placed into 20 ml of 50 mM Tris, 250 mM
sucrose (pH 7.4), and homogenized. Five grams of tissue
was used for endometrial, placental, and fetus minus liver
tissues. Because the amount of tissue was limited, the total
amount of tissue recovered was used for Day 13 conceptus
and Day 30 fetal liver. Homogenates were then centrifuged
(1000 X g) for 10 min, and the supernatants were collected
and centrifuged at 100 000 X g for 45 min. Pellets were
rinsed once with 1 mM Tris (pH 8.2), 0.9% NaCl and then
rehomogenized (2 ml for endometrial, fetal liver, and fetus
minus liver tissues; 0.5 ml for conceptus and placental tis-
sues) in the same buffer. Microsomal membranes were ali-
quoted, frozen in liquid nitrogen, and stored at - 70°C until
used. Concentration of membrane protein in each prepa-
ration was determined by the method of Lowry et al. [37]
with BSA used as standard.

Preparation of UF, UF/UFA RBP and Transferrin

UF, the UF/UFAP complex, and RBP were purified from
Day 45 or Day 60 porcine allantoic fluid. The holoRBP (RBP
with retinol bound) was purified by the procedure described
by Vallet [38]. Proteins that do not bind to DEAE cellulose in
the first step of RBP purification contain UF. UF and UF/UFAP
complex were purified from this fraction according to the
procedures of Buhi et al. [32] and Baumbach et al. [361. Pro-
tein concentrations were determined [37] with BSA used as
a standard. Purity of RBP, UF, and UF/UFAP complex were
determined by SDS-PAGE (Fig. 3; RBP not shown). ApoRBP
(RBP with no retinol bound) was prepared by extracting
holoRBP twice with ether, followed by lyophilization. This
treatment removed at least 95% of the bound retinol as meas-
ured by fluorescence at 330-nm excitation, 470-nm emission
(not shown). No attempt was made to further saturate the
holoRBP with retinol because of the potential difficulty in
removing unbound retinol. For use in experiments, RBP and
UF were dialyzed against distilled water, lyophilized, redis-
solved at appropriate concentrations in 1 mM Tris (pH 8.2)
and 0.9% saline, and then aliquoted and frozen at -70°C
until used. The UF/UFAP complex was dialyzed against 1 mM
Tris, 0.9%/o saline and used without concentration to avoid
disruption of the complex.

Bovine holo- and apotransferrin were purchased from
Sigma Chemical Co. (St. Louis, MO). Transferrins were dis-
solved in 1 mM Tris (pH 8.2) and 0.9% saline, aliquoted,
and frozen at - 70°C until used.

Measurement of Thiobarbituric Acid Reactive
Substances (TBARS)

Lipid peroxidation was monitored as TBARS, a measure
of malondialdehyde production from breakdown of unsat-
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urated fatty acid peroxides, by a modification of the method
of Ohkawa et al. [39]. Briefly, 1 ll of a solution of 10 mM
alpha-tocopherol in ethanol was added to each sample to
prevent further lipid oxidation. Then, 10 l 8% SDS, 75 l
20% acetic acid (pH 3.5), and 75 p1 0.8% thiobarbituric acid
(Sigma) were added sequentially to each sample. Samples
were incubated in a boiling water bath for 20 min and al-
lowed to cool to room temperature, and then were ex-
tracted with 1.5 ml butanol, mixed vigorously, and centri-
fuged in a microcentrifuge for 10 min. The butanol was
recovered, and fluorescence of the butanol extract was de-
termined at an excitation wavelength of 515 and an emis-
sion wavelength of 553. Data were expressed as relative
fluorescence units per 10 fig membrane protein.

Experiment 1: Preliminary Characterization of UF,
Holotransferrin, and Free Iron-induced Lipid
Peroxidation

A large pool of Day 45 endometrial microsomal mem-
branes was used for preliminary characterization of lipid
oxidation catalyzed by UF, free iron, and holotransferrin.
Unless otherwise specified, reactions were performed in 1
mM Tris 1.9% saline (pH 8.2) with use of either 100 jiM UF,
free iron, or holotransferrin, plus 50 pM ASC along with 10
gg membrane protein. Total reaction volume was 10 gtl, and
reactions were incubated for 30 min at 37°C with air used
as gas phase. The effect of amount of membranes (0-100
gg membrane protein), reaction time (0-4 h), ASC concen-
trations (0-200 iM), and iron/iron-containing protein con-
centrations (0-200 jiM) were determined. Also, a prelimi-
nary experiment to determine the effect of increasing
concentrations of holo- vs. apoRBP on lipid peroxidation in
the presence of UF and ASC was performed with holo and
apoRBP concentrations ranging from 0 to 100 gIM. Prein-
cubation of membranes with RBP treatments was per-
formed for 3 h at 0°C (to allow the membranes to equilibrate
with RBP), followed by the addition of UF and ASC (final
concentration of RBP 0-50 txM) and incubation at 370C for
30 min. A preliminary trial to determine the effect of apo-
vs. holotransferrin on UF-induced lipid peroxidation was
performed, with concentrations of transferrin ranging from
0 to 50 jiM. All preliminary determinations were performed
in triplicate in at least two separate experiments. Incubated
samples were then processed to measure TBARS.

Experiment 2: Interaction between UF, RBP,
and Transferrin

Pigs used were maintained according to established
guidelines for animal care. To further investigate the ability
of UF to induce lipid peroxidation and to determine the
interaction of UF with transferrin and RBP, uteri were col-
lected from gilts slaughtered on Days 13 (n = 5) and 30 (n
= 5) of pregnancy. On Day 13 of pregnancy, each uterine

horn was flushed with 20 ml saline, and then 5 g endome-
trium was collected. Uterine flushings were centrifuged
(1000 X g) for 10 min to recover conceptus tissue, and the
supernatants were retained for measurement of RBP by RIA
[40] and measurement of retinol [41]. On Day 30, endome-
trium, placenta, and fetuses were collected, and fetal livers
and the remainder of the fetus (fetus minus liver) were
pooled separately. All tissues were then processed for re-
covery of microsomal membranes.

Day 13 endometrial and conceptus, and Day 30 endo-
metrial, placental, fetal liver, and fetus minus liver micro-
somal membranes (because of limitations in tissue, 1.5 jig
conceptus microsomal membrane protein was used in this
experiment, 10 jg was used for all others) were incubated
(37°C, 30 min) with the following treatments: 1) no treat-
ment, 2) 50 jiM ASC, 3) 100 jiM UF, 4) 50 IM ASC + 100
p.M UF, 5) 50 jIM ASC + 100 pIM UF + 10 jiM apotransferrin,
and 6) 50 M ASC + 100 jiM UF + 10 jM holotransferrin.
For treatments 7 through 10, membranes were preincubated
(0°C, 3 h) with either 7) no treatment, 8) 50 jiM fetuin (ir-
relevant protein control), 9) 50 jiM holoRBP, or 10) 50 gM
apoRBP followed by incubation (37°C, 30 min) with 50 jIM
ASC + 100 M UF. Incubations were performed in triplicate
for membranes from each pig. Samples were then pro-
cessed to measure TBARS.

Experiment 3: Comparison of Catalytic Activity of UF
and UF/UFAP Complex

Fetal liver microsomal membranes from the previous ex-
periment were incubated for 30 min at 37°C with 1) no treat-
ment, 2) 50 IM ASC, 3) 40 pM UF, 4) 40 M UF/UFAP com-
plex (assuming a molecular weight of 80 000 for the
complex), 5) 40 IM UF + 50 M ASC, or 6) 40 jiM UF/UFAP
complex + 50 M ASC, followed by measurement of
TBARS. The UF and UF/UFAP complex preparations used
were subjected to SDS-PAGE followed by staining with
Coomassie blue dye and densitometry to compare the rel-
ative amounts of UF present. Finally, the effect of UF con-
centrations ranging from 1 to 100 M on TBARS in liver
membranes was determined.

Experiment 4: Effect of Catalase and Superoxide
Dismutase on UF-Catalyzed Lipid Peroxidation

Fetal liver membranes were incubated for 30 min at 37°C
with 100 IM UF + 50 jM ASC and the following treatments:
1) no treatment, 2) 100 U/ml catalase, or 3) 100 U/ml su-
peroxide dismutase. After incubation, samples were pro-
cessed for TBARS.

Statistical Analyses

Preliminary data were summarized by analysis of vari-
ance with models that included effects of membrane protein
amount, time, ASC concentration, and iron/iron-containing
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protein concentration depending on the experiment, along
with effects of iron/iron-containing protein and interactions
with iron/iron-containing protein. Maximal TBARS produc-
tion in the various trials was determined by use of contrasts.
Similar analyses were used to summarize the effects of apo-
vs. holoRBP and apo- vs. holotransferrin at various concen-
trations.

Data from experiment 2 were analyzed by analysis of
variance after log transformation with use of a model that
included effects of pig and treatment. The following con-
trasts were performed: 1) treatments 1 and 3 vs. 2 and 4
(main effect of ASC), 2) treatments 1 and 2 vs. 3 and 4 (main
effect of UF), 3) treatments 1 and 4 vs. 2 and 3 (interaction
of ASC and UF), 4) treatment 4 vs. treatment 6 (effect of
holotransferrin), 5) treatments 4 and 6 vs. 5 (effect of apo-
transferrin), 6) treatments 7 vs. 8 (effect of fetuin), 7) treat-
ments 7 and 8 vs. 10 (effect of apoRBP), and 8) treatments
7, 8, and 10 vs. 9 (effect of holoRBP). In a further analysis,
TBARS in untreated membranes (treatment 1) from the var-
ious tissue sources were analyzed separately by analysis of
variance to assess endogenous lipid peroxidation. The
model used included effects of day of pregnancy, tissue
within day of pregnancy, and pig within day of pregnancy.
The following contrasts were performed: 1) Day 13 endo-
metrial tissue vs. conceptus tissue, 2) Day 30 fetus minus
liver tissue vs. placental tissue, 3) Day 30 fetus minus liver
and placental tissue vs. endometrial tissue, and 4) Day 30
fetus minus liver, placental, and endometrial tissue vs. fetal
liver tissue.

Data from experiment 3 were log-transformed and then
subjected to analysis of variance with a model that included
effects of pig and treatment. The following contrasts were
performed: 1) treatment 3 vs. 4; 2) treatment 5 vs. 6; 3)
treatment 3 and 4 combined vs. treatment 1; and 4) treat-
ment 5 and 6 combined vs. treatment 2. Densitometric
measurements of UF in the UF and UF/UFAP complex were
analyzed by analysis of variance. The effect of increasing
concentrations of UF on lipid peroxidation in fetal liver mi-
crosomal membranes was analyzed by analysis of variance
after log transformation of the data. The following contrasts
were performed: 1) 0 vs. 1 pM UF, 2) 0 and 1 M UF com-
bined vs. 3 M UF, 3) 30 vs. 100 AiM UF, and 4) 30 and 100
AM UF combined vs. 10 jM UF. Data from experiment 4
were analyzed by analysis of variance and the following
contrasts: 1) control vs. catalase and 2) control vs. super-
oxide dismutase.

RESULTS

Experiment 1: Preliminary Characterization of U,
Transferrin, and Free Iron-induced Lipid Peroxidation

Generally, UF was the most active in inducing lipid per-
oxidation followed by free iron and transferrin; either the

latter two were equal in activity (varying time or ASC), or
free iron was more active (varying membrane protein) than
transferrin. Statistical analysis indicated that maximal TBARS
was obtained when 10 plg microsomal membrane protein
was used (Fig. la); therefore, this amount was used for the
rest of the experiments. Generation of TBARS was maximal
at 30, 60, and 60 min for UF, transferrin, and free iron, re-
spectively (Fig. lb). Because the reaction for UF was max-
imal at 30 min, this time was chosen for further experiments.
Increasing ASC concentrations (Fig. c) increased genera-
tion of TBARS to a maximum at 100 jM when 100 jiM of
either UF or free iron was used. Maximum TBARS for 100
iM transferrin was obtained at 50 KIM ASC. With 50 jiM ASC,
maximum TBARS production was obtained at UF and trans-
ferrin concentrations of 50 IM (Fig. d). Little TBARS pro-
duction was obtained with free iron concentrations of 50
gM or below. The maximum reaction was obtained at 100
gM iron. HoloRBP displayed antioxidant activity (i.e., inhib-
ited TBARS production compared to apoRBP) only at the
highest concentration used (50 jIM final concentration; Fig.
le). Apotransferrin was very effective at inhibiting TBARS
production induced by UF; complete inhibition of the re-
action induced by 100 AM UF was accomplished with 10

M apotransferrin (Fig. 1f).

Experiment 2: Effect of RBP and Transferrin on
UF-induced Lipid Peroxidation

Mean concentrations of RBP and retinol in uterine flush-
ings collected on Day 13 were 159.8 + 10.4 jig/ml and 759.6
± 28.4 ng/ml, respectively. Assuming a molecular weight
for RBP and retinol of 20 000 and 287, respectively, and a
1:1 ratio of retinol with RBP, average saturation of RBP was
33.4 ± 1.4%.

Mean fluorescence values of TBARS formed in the pres-
ence of treatments 1 through 10 are summarized in Tables
1-3. Contrasts indicated that a statistical interaction be-
tween ASC and UF was present for microsomal membranes
obtained from Day 13 endometrial (p < 0.01) and Day 30
endometrial (p < 0.01), fetal liver (p < 0.01), and placental
(p < 0.05) tissues (Table 1). Examination of the results in-
dicated that the interaction for membranes obtained from
Day 13 and 30 endometrial and Day 30 fetal liver tissues
was due to a synergistic effect of UF and ASC combined. In
contrast, the interaction for membranes from placental tis-
sues appeared to be due to a slight inhibitory effect of UF
when combined with ASC compared to ASC alone, while
treatment with UF alone had no effect. Main effects of both
ASC and UF were obtained for Day 13 conceptus and Day
30 fetus minus liver membranes, indicating that the addition
of both reagents stimulated TBARS production. The lack of
an interaction for these tissues suggests that the effects of
UF and ASC were additive.

Addition of holotransferrin to UF- and ASC-treated mem-
branes had no effect on TBARS production for any mem-
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TABLE 1. Mean (+ pooled SEM from analysis of variance for each tissue source;
n = 5) fluorescence (relative units) per 10 pg microsomal membrane protein (a
measure of thiobarbituric acid reactive substances) from experiment 2 are sum-
marized forthe following treatments: no treatment (NT), 50 M ascorbic acid (ASC),
100 M UF, 50 M ascorbic acid plus 100 M UF (UF + ASC).

Treatment

Microsomal membrane source NT ASC UF UF + ASC

Day 13 endometriuma 5.4 ±+ 17.6 10.6 11.2 129.4
Day 13 conceptusb.c 18.4 ±+ 18.5 77.4 29.4 130.6
Day 30 endometriuma 9.0 ±+ 16.8 14.0 13.2 156.0
Day 30 placentad 11.8 ±+ 6.1 49.2 14.8 40.4
Day 30 fetal livera 40.6 ±+ 13.9 105.6 60.0 245.0
Day 30 fetus minus liverb 'c 11.2 ±+ 13.0 30.2 43.2 133.6

a Interaction between UF and ascorbic acid (p < 0.01).
bMain effect of ascorbic acid (p < 0.01).
CMain effect of UF (p < 0.01).
dlnteraction between UF and ascorbic acid (p < 0.05).

brane; addition of apotransferrin significantly inhibited (p
< 0.01) TBARS production for all membranes examined
(Table 2).

No effect of fetuin or apoRBP was obtained on TBARS pro-
duction for any of the tissues examined. The production of
TBARS was significantly decreased when holoRBP was added
to membranes prepared from Day 13 endometrial (p < 0.01)
and conceptus (p = 0.01) and Day 30 fetal liver (p < 0.01),
placental (p < 0.01), and fetus minus liver (p < 0.01) tissues,
but holoRBP had no effect on TBARS production in Day 30
endometrial tissue microsomal membranes (Table 3).

Comparisons were made between endogenous TBARS
in microsomal membrane preparations on each of the days
examined by analyzing TBARS in untreated membranes
(treatment 1). On Day 13, analysis indicated that conceptus
microsomal membranes contained more (p < 0.01) TBARS
per mg protein than did endometrial membranes. On Day
30 of pregnancy, TBARS in fetus minus liver, placenta, and
endometrium did not differ from each other, and were sig-
nificantly less than TBARS in fetal liver membranes.

TABLE 2. Mean (+ pooled SEM from analysis of variance for each tissue source;
n = 5) fluorescence (relative units) per 10 Mg microsomal membrane protein (a
measure of thiobarbituric acid reactive substances) from experiment 2 are sum-
marized for the following treatments: 100 M UF plus 50 M ASC (UF + ASC), 100
MM UF plus 50 M ascorbic acid plus 10 M apotransferrin (UF + ASC + ATF) and
100 M UF plus 50 M ascorbic acid plus 10 M holotransferrin (UF + ASC + HTF).

Treatment

UF + ASC UF + ASC
Microsomal membrane source UF + ASC + ATF + HTF

Day 13endometrium a 129.4 ±+ 17.6 11.2 147.2
Day 13 conceptus 130.6 ±+ 18.5 34.6 125.4
Day 30 endometrium 156.0 ±+ 16.8 15.8 109.0
Day 30 placenta 40.4 ±+ 6.1 16.4 43.2
Day 30 fetal liver 245.0 13.9 41.8 256.6
Day 30 fetus minus liver 133.6 ±+ 13.0 16.4 142.8

aUF + ASC and UF + ASC + HTF were not different; UF + ASC + ATF was dif-
ferent (p < 0.01) from UF + ASC and UF + ASC + HTF combined for all microso-
mal membrane sources.

TABLE 3. Mean (+ pooled SEM from analysis of variance of each tissue source;
n = 5) fluorescence (relative units) per 10 Ag microsomal membrane protein (a
measure of thiobarbituric acid reactive substances) from experiment 2 are sum-
marized for the following treatments: preincubation with no treatment (NT), 50 M
fetuin (FET), 50 M holoRBP (HRBP) or 50 M apoRBP (ARBP) followed by incubation
with 100 M UF and 50 M ascorbic acid.

Treatments

Microsomal membrane source NT FET HRBP ARBP

Day 13 endometriuma 109.4 ±+ 17.6 93.8 17.0 157.0
Day 13 conceptus 73.4 ±+ 18.5 116.0 46.0 85.2
Day 30 endometrium 184 ±+ 16.8 233.8 199.4 196.6
Day 30 placenta 45.2 ±+ 6.1 43.8 26.4 46.2
Day 30 fetal liver 300.4 + 13.9 343.0 265.6 355.6
Day 30 fetus minus liver 107.8 ±+ 13.0 141.6 79.8 129.2

aHRBP was different (p < 0.01) from NT, FET and ARBP combined for all tissues
but Day 30 endometrium. NT, FET and ARBP were not different for all tissues.

Experiment 3: Comparison of Catalytic Activity of UF

and UF/UFAP Complex

Results of this experiment are summarized in Figure 2.
The TBARS production with UF and with the UF/UFAP com-
plex without ASC were similar and resulted in a small but
significant (p < 0.01) increase compared to the no treat-
ment controls. UF/UFAP complex stimulated less (p < 0.01)
TBARS than did UF when each was combined with ASC.
The SDS-PAGE analysis indicated that the UF/UFAP com-
plex preparation contained more UF than did the UF prep-
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FIG. 2. Mean fluorescence (measure of TBARS) per 10 pg fetal liver microsomal
membrane protein (n = 5 per treatment) treated with either no treatment (NT), 50
MM ASC, 40 M UF, 40 MM UF/UFAP complex, 40 M UF plus 50 MM ASC (UF +
ASC), and 40 M UF/UFAP complex plus 50 M ASC (UF/UFAP + ASC. UF and UF/
UFAP treatments were similar and stimulated (p < 0.01) TBARS production com-
pared to control. UF/UFAP + ASC treatment stimulated less (p < 0.01) TBARS pro-
duction than UF + ASC treatment. UF/UFAP + ASC and UF + ASC treatments
combined stimulated greater (p < 0.01) TBARS production than ASC treatment.
Error bars are pooled SEM from analysis of variance.
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FIG. 4. Effect of UF concentration on TBARS (measured as relative fluorescence)
in fetal liver microsomal membranes. TBARS production is linear, with log of UF
concentration between 1 and 30 IM (n = 3 per concentration). Error bars are pooled
SEM from analysis of variance.

DISCUSSION

FIG. 3. SDS-PAGE gel comparing UF (lane 1) and UF/UFAP complex (lane 2) prep-
arations used in experiment 3. Five microliters of 80-gM solution of each was
loaded. Densitometry indicated that UF/UFAP complex preparation contained 2.2
times more UF than did UF preparation (n = 4).

aration (Fig. 3). Densitometric analysis indicated that the
UF/UFAP complex contained approximately 2.2 times the
amount of UF in the UF preparation (38.3 ± 1.74 vs. 16.8
+ 1.74 relative units, respectively; p < 0.01).

Subsequent analysis of the effect of increasing UF con-
centrations on TBARS in liver membranes indicated that as
little as 3 gIM caused a significant (p < 0.05) increase in
TBARS production when in the presence of 50 gM ASC (Fig.
4). Maximum TBARS was obtained at 30-jLM concentration.
Furthermore, TBARS production was not linearly related to
UF concentration but instead was linear with the log of UF
concentration (note the log scale in Fig. 4).

Experiment 4. Effect of Catalase and Superoxide
Dismutase on UF-induced Lipid Peroxidation

Catalase (316.0 ± 6.1) and superoxide dismutase (318.4
+ 6.1) had no effect on UF-induced lipid peroxidation
measured as TBARS (control, 315.2 ± 6.1).

The results indicate that UF can induce lipid peroxidation
in microsomal membranes of reproductive tissues in the
presence of physiological concentrations of ASC. These ex-
periments also demonstrate that transferrin, RBP, and UFAP,
but not catalase or superoxide dismutase, may play a role
in inhibiting this reaction in reproductive tissues.

A possible criticism of this experiment may be that an
indirect assay (i.e., TBARS) was used to measure lipid per-
oxidation. This criticism is unlikely to be valid for three rea-
sons: 1) a substantial body of research exists in which this
assay has been used to monitor lipid peroxidation; 2) we
are confirming that UF is capable of inducing lipid peroxi-
dation, an observation that has been made by others using
other methods [19, 20]; and 3) fluorescence of TBARS was
used to decrease the likelihood of measurement of sub-
stances unrelated to lipid peroxidation.

Microsomal membranes from Day 13 endometrial and
conceptus and Day 30 endometrial, fetal liver, and fetus mi-
nus liver tissues were susceptible to UF-induced lipid per-
oxidation, as measured by production of TBARS. Uncon-
trolled lipid peroxidation in tissues can be lethal, because
of effects on permeability of cell membranes and on the
function of proteins [21-24]. These results, coupled with the
fact that periods of embryonic [1-3] and fetal [15-18] loss
coincide with periods of increased UF production by the
porcine endometrium [8, 251, are consistent with the hy-
pothesis that UF may cause some embryonic and fetal loss.
It may be further hypothesized that tissues known to bind
UF, i.e., erythropoietic cells, should be most susceptible.
Receptors that bind UF are present on fetal liver cells [42],
and both the endogenous amount of TBARS production and
the UF-induced TBARS production were greatest for this
tissue. Erythropoietic tissues are also present in the early
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blastocyst after approximately Day 13 of pregnancy, coin-
cident with mesodermal outgrowth [43]. It therefore seems
possible that erythropoietic tissues, because they bind UF,
may be the most sensitive to this detrimental reaction.

Results indicate that for Day 13 conceptus and Day 30
fetus minus liver tissues, the effects of ASC and UF were
both significant and additive (i.e., no statistical interaction
was present), indicating that ASC treatment and UF treat-
ment of membranes of these tissues significantly stimulated
TBARS production. Likewise, results indicated that ASC
treatment stimulated TBARS production in Day 30 fetal liver
and placental tissues. It may be speculated that increased
TBARS due to ASC is caused by interaction of ASC with iron-
containing proteins that are endogenous to the microsomal
membranes. This possibility is supported by the fact that
apotransferrin decreased TBARS production to below that
obtained with ASC alone, indicating that the endogenous
ASC-dependent production of TBARS is iron-dependent.
Candidates for the endogenous iron-containing proteins
may include cytochromes, including both enzymes in the
steroidogenic pathway and proteins in the respiratory
chain; cyclooxygenases and lipoxygenases. The contribu-
tion of these proteins to lipid peroxidation in vivo is difficult
to assess because these proteins may not have access to ASC
inside the cell and thus would not be catalytic. Thus, the
endogenous lipid peroxidation activated by ASC could be
an artifact generated by disruption of the cells. This reason-
ing does not apply to UF, which because of its extracellular
location would have access to ASC.

Results indicate that apotransferrin, but not holotransfer-
rin, effectively prevented both UF-induced and endoge-
nously induced TBARS production. This result is similar to
previous reports [28] and suggests that control of this reac-
tion in vivo may depend on both the concentration and the
saturation level of the transferrin present. Limited informa-
tion on the concentrations of transferrin in swine fetal
plasma is available in the literature [29, 30]. These reports
indicate that transferrin concentrations are low in fetal
plasma on Day 23 of pregnancy and then increase to a sta-
ble level by Day 37 of pregnancy. No information regarding
transferrin production by the conceptus before Day 23 is
available. However, an unidentified protein with character-
istics similar to those of transferrin is secreted by the porcine
blastocyst on Day 13 of pregnancy but not before [31]. No
information on saturation of fetal transferrin during preg-
nancy in swine is available. These aspects of conceptus iron
metabolism are currently under investigation.

TBARS production was significantly inhibited by
holoRBP in all tissues examined except Day 30 endometrial
tissue. Thus, one of the functions of the RBP secreted by
the endometrium and conceptus during pregnancy may be
to provide antioxidant activity. Retinol has been reported to
be an effective antioxidant [34, 35]. Although the concentra-
tion required for manifestation of this activity is high [50

r.M), results indicate that intrauterine RBP concentrations
are within this range. Assuming an intrauterine volume of 1
ml per uterine horn and complete equilibration of the 20-
ml flush volume, mean concentration of RBP in the uterine
lumen was 3.2 mg/ml. Assuming a molecular weight of
20 000 for RBP, this concentration equals 160 IM. The sat-
uration of RBP within the lumen is similar to that of purified
holoRBP (40%; unpublished results) and is similar to that
obtained for serum (47%, [44]) and allantoic fluid (27%, [451)
in other experiments. This saturation level suggests that in-
trauterine concentrations of retinol may be as high as 50
FiM. It is also possible that these high concentrations may
be generated at other sites of synthesis of RBP, providing
cells that secrete RBP with extracellular antioxidant activity.
The possibility that RBP may be part of the defense against
lipid peroxidation induced by UF is supported by the ob-
servation that tissues exposed to UF or involved in UF me-
tabolism also secrete RBP. Day 13 trophoblast secretes RBP
and would be exposed to high intrauterine concentrations
of UF. Both RBP and RBP mRNA are present in Day 13 yolk
sac and Day 30 and 60 fetal liver; all are erythropoietic tis-
sues and therefore may concentrate UF. Day 60 fetal kidney,
which binds UF and transports it into the allantoic sac, also
contains both RBP and mRNA for RBP [46, 47]. The inability
of holoRBP to prevent lipid peroxidation in Day 30 endo-
metrial microsomal membranes is surprising. It is possible
that greater concentrations are necessary to protect Day 30
endometrium. Concentrations of mRNA for RBP are greater
on Day 30 than during early pregnancy [47]. Secretion of
RBP by endometrial explants is also greater on Day 30 than
in early pregnancy (R.K. Christenson et al., unpublished ob-
servations).

Two possible biochemical mechanisms whereby UF in-
duces lipid peroxidation could be suggested. One possibil-
ity is that combining ASC with UF results in removal of iron
from UF and that it is ASC chelated iron that actually cata-
lyzes lipid peroxidation. It has previously been reported
that incubation of UF with ASC results in association of iron
with ASC [32]. If this were the mechanism, one might expect
that UF would be less effective than free iron in inducing
lipid peroxidation. Our results suggest that UF is more ef-
fective, especially at low concentrations. However, this
comparison is not conclusive because free iron is actually
insoluble due to interaction of the iron with water, and the
actual "free" iron in aqueous solutions is probably low [48].
A previous report [20] could be interpreted to be in favor of
release of the ferrous iron from UF followed by catalysis by
free ferrous iron, because the ferrous iron chelator a,a'-bi-
pyridyl inhibited lipid peroxidation induced by a related
protein, human purple acid phosphatase, but did not inhibit
acid phosphatase activity. However, it was also reported
that either reduction of the protein with dithiothreitol or
incubation of the protein with the ferric chelator 1,2-di-
methyl-3-hydroxpyrid-4-one inhibits the acid phosphatase
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activity of the human acid phosphatase, which suggests that
this protein differs from UF [49, 50] in that the acid phos-
phatase activity of the human acid phosphatase used re-
quires a diferric iron center for acid phosphatase activity.
Thus, the observation that the ferrous chelator inhibits the
lipid peroxidation activity of the human acid phosphatase
without inhibiting acid phosphatase activity may be ex-
plained by the different oxidation states of the iron center
required for the two activities and does not imply that the
lipid peroxidation activity is a direct or indirect activity of
either the human acid phosphatase or, by inference, UF.
Thus, an alternative possibility to explain UF-induced lipid
peroxidation is that this activity may be a direct function of
reduced UF. In either hypothesis, oxidation of lipids does
not appear to proceed via generation of superoxide or hy-
drogen peroxide, since neither catalase nor superoxide dis-
mutase is effective in inhibiting the reaction. These results
are therefore similar to those found previously with use of
free iron [26, 27] and suggest that the reduced iron/UF may
interact with lipids directly. Further experimentation is nec-
essary to answer these questions.

Microsomal membranes prepared from Day 30 placental
tissue appear to be resistant to UF-induced lipid peroxida-
tion. However, the microsomal membranes were suscepti-
ble to lipid peroxidation induced presumably by endoge-
nous iron-containing proteins as indicated by the effect of
ASC alone and the inhibition obtained with apotransferrin.
This suggests that the placental membranes either inhibited
UF specifically or prevented external proteins from gaining
access to membrane lipids. If present throughout preg-
nancy, this effect could serve to protect the placenta from
damage caused by UF. Further characterization of this UF
inhibitory activity is required to establish its identity and
mode of action.

Results indicate that the UF/UFAP complex is less active
in inducing lipid peroxidation than is free UF. Thus, one
function of these proteins may be to protect lipids from
oxidative damage. The amount of inhibition may appear to
be minor. However, results of the SDS-PAGE analysis indi-
cated that the UF/UFAP complex actually contained over
twice as much UF as the UF preparation, possibly because
of low reactivity of the UFAP in the protein assay used. Also,
results indicate that TBARS production in fetal liver micro-
somal membranes is not linear with increasing UF concen-
trations but is instead linear with the log of UF concentra-
tions. Thus, large reductions in active UF would be required
to measure a moderate reduction in TBARS production.
Taken together, these data suggest that the UFAP may in-
hibit a substantial portion of the UF present.

In conclusion, it has been demonstrated that UF is ca-
pable of inducing lipid peroxidation in microsomal mem-
branes of reproductive tissues in the presence of physio-
logical concentrations of ASC. Transferrin and to a lesser
extent RBP and the UFAP represent three factors that can

inhibit this reaction and may therefore be part of in vivo
mechanisms that protect reproductive tissues from the high
concentrations of UF present within the intrauterine envi-
ronment during pregnancy in pigs. Although no data di-
rectly indicating that UF causes embryonic loss are currently
available, this information, coupled with the temporal as-
sociation of UF secretion with two periods of conceptus loss
in swine, suggests the hypothesis that failure of adequate
control of UF-induced lipid peroxidation could be respon-
sible for some embryonic/fetal loss. This hypothesis is cur-
rently under investigation.
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