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IP NMR Study of Phosphorus Containing
Metabolites in the Uterus of Hamster:
Changes During the Estrous Cycle and the
Effect of Hormonal Manipulation
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Changes in the concentrations of phosphorus containing metabolites were monitored by *P NMR
in the uteri of hamsters during the estrous cycle. Concentrations of phosphocreatine (PCr) and ATP
were significantly increased in estrus animals compared to diestrus animals. Concentrations of these
metabolites were also increased in immature female hamsters and ovariectomized (OVX) adult
hamsters treated with estradiol indicating that estradiol was responsible for this effect. However,
the steroid hormones progesterone and testosterone did not increase the concentrations of the
phosphorus containing metabolites. Further, immature female hamsters also following treatment
with estradiol showed an initial decline in phosphomonoester (PME), PCr, ATP and inorganic
phosphate but by 24 h of treatment the concentrations returned to control levels. The NMR study
also revealed that the intracellular pH of the hamster uterus was around 7.4 all through the estrous
cycle.
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INTRODUCTION homogenization methods which are not suitable for the
analysis of labile compounds. Using this method, high-
energy phosphate metabolites in the uterus of adult rats
during pregnancy and parturition [13] and in the uteri
of immature rats following estradiol administration [14]
have been analyzed. However, as yet, very little is
known about the changes in the concentration of high-
energy phosphate metabolites during the functional
state of the uterus such as during the various phases of
the estrous cycle. Since steroid hormones play a
direct role in modulating the estrous cycle it would also
be important to evaluate the effect of steroid hormones
on the concentration of the high-energy phosphate
metabolites. Further, even less is known about the
intracellular pH of the uterus during the estrous cycle.
In an attempt to address the above questions the
present paper reports data related to:

In mammals, the uterus during the estrous cycle
exhibits cyclic morphological, biochemical and physio-
logical changes such as increase in tissue weight [1-3],
accumulation of fluid [4-6] and increase in biosynthetic
activity [7]. Apart from an increase in the synthesis of
DNA, RNA and proteins under the influence of
estradiol, changes in the concentration of high energy
metabolites such as phosphocreatine (PCr) and
adenosine triphosphate (ATP) have also been observed
in the uterus of rat following estradiol administration
[8,9]. But, all these earlier studies were performed
using perchloric acid extracts of frozen uteri thus
resulting in variations in the reported results due to
partial degradation of the labile compounds. However,
this difficulty could be overcome by the use of *'P

NMR.
3P NMR has been extensively used for the analysis (i) Changes in phosphate metabolites in adult
of phosphate containing metabolites in excised tissues hamster uteri during diestrus, proestrus and
and whole animals [10—12] so as to avoid extraction and estrus phases of the estrous cycle.
(ii) Changes in phosphate metabolites in the uteri of
adult animals following ovariectomy and sub-
*Correspondence to S. Shivaji. sequent administration of estradiol, progester-
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(iii) Effect of estradiol, progesterone and testoster-
one on the phosphate metabolites of immature
hamster uteri.

(iv) Changes in levels of phosphate metabolites in
the uteri of immature hamsters following estra-
diol administration (from 0 to 28 h).

(v) Changes in the intracellular pH of the uteri of
adult hamsters during the estrous cycle.

MATERIALS AND METHODS
Animals

Golden hamsters (Mesocricetus auratus) were reared
at constant temperature (22 + 1°C) and light (6 a.m. to
6 p.m.) and were provided food and water ad lLbitum.
The immature animals were 20 days of age and the
mature animals were 6—8 weeks old. Only those mature
animals which exhibited an invariant 4-day estrous
cycle as judged by regular vaginal smears, were used.
Mature female hamsters whose ovaries were surgically
removed under the influence of thiopentone (injected
i.p.) and which were allowed to recuperate for a period
of 3 weeks were used as the ovariectomized (OVX)
animals.

Hormone injections

Immature female hamsters (20 days of age) and adult
OVX animals were injected s.c. for three consecutive
days with estradiol (2 ug per 10 g body weight per day),
testosterone (200 ug per 10 g body weight per day) or
progesterone (200 ug per 10 g body weight per day) as
described earlier [15]. Twenty four hours after the last
injection the animals were anesthetized by exposure to
ether for a brief period and killed by decapitation. The
control animals received an equal volume of 1,2-
propane diol, the vehicle in which the above steroids
were dissolved. In a separate experiment, immature
female hamsters were also injected with estradiol and at
regular intervals of time (extending from 0 to 24 h) the
uterine horns were dissected out and used.

Preparation of uteri

The orientation of the uteri in the NMR tubes was
essentially similar to that described by Degani et al.
[14]. Uteri were immediately excised, stripped free of
fat and mesentery, rinsed twice in Dulbecco’s modified
Eagle medium (DMEM) minus inorganic phosphate to
clear the tissue free of blood, blotted, weighed and
transferred to a 10 mm glass NMR tube. A capillary
tube containing the reference solution methylene
diphosphoric acid (MDP) was placed inside the NMR
tube. This capillary tube was held in position with
the help of two perforated teflon plugs, which also
helped to fix the position of the uteri such that similar
proportions of the reference solution and sample
were sensed by the magnetic coil of the NMR spec-
trometer.
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NMR measurements

3P NMR measurements were carried out at 5°C on
a Bruker AM 300 pulsed FT NMR spectrometer
operating at a resonance frequency of 121.5 MHz.
FID’s (Free induction decay signals) were collected
using a radio frequency (RF) pulse width of 6 us with
a spectral width of 8 kHz and 1K data points. A
recycling delay of 1 s was used. Various pulse repetition
rates were tried and 1s was found to be optimum
without saturating the signals for the chosen pulse
width which was less than 90°. In each experiment, the
data was obtained in four consecutive blocks of 1200
scans each. Tissue viability during data acquisition
was checked by comparing the spectra of the first and
last blocks and they were found to be identical.
Addition of 0.25ml of D,O to the DMEM medium
served as an internal lock. A capillary tube containing
50 mM MDP served as the concentration standard and
as an additional chemical shift reference. The 10 mm
NMR tube containing the tissue sample was spun at
15 Hz.

The FID’s were processed with a line broadening
parameter of 20 Hz and later Fourier transformed with
2 K memory size. Chemical shifts of all signals were
measured with respect to PCr whose chemical shift was
set at Oppm. PCr was calibrated with respect to
external 8.5%, orthophosphoric acid with a chemical
shift of —2.49 ppm.

Intracellular pH measurements

To measure the intracellular pH of uterine tissue, a
calibration curve of pH vs the chemical shift of inor-
ganic phosphate (Pi) (Fig. 1) was constructed by using
DMEM containing 10 mM of Pi. This medium was
adjusted to different pH values by the addition of
HCI/NaOH and the chemical shift of Pi was deter-
mined at 5°C. PCr added to the solution served as an
internal chemical shift reference.

Calculation of metabolite concentrations

The concentrations of the various metabolites in the
tissue were estimated by comparison with MDP which
was used as the concentration standard. The area of
the resonance curves was compared with that of
MDP present in the capillary tube. 75 ul of MDP
equivalent to 3.75 umol was within the NMR coil
volume and hence the area of the signal was taken to be
equal to 3.75 umol. The area of the MDP curve was
further compared with that of standard 5mM Pi in
MEM (under identical experimental conditions) as an
additional control against other systematic errors which
may arise due to instrument instabilities.

Statistical analysis

Statistical analysis was performed using a PC-AT
286 computer. The total data were analyzed by one-
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Fig. 1. pH-dependent chemical shift of Pi at 5°C. The medium
used was DMEM and it contained 10 mM of Pi.

way analysis of variance and considered significant if
P <0.05.

RESULTS

Preliminary experiments were carried out to deter-
mine the stability of the P NMR spectra of the uteri
recorded at various temperatures. The results indicated
that the spectra of hamster uteri remained stable when
recorded at 5°C for 2 h or more. But, at 25 and 37°C
the spectra were stable for about an hour. Hence, in all
the experiments described here spectra were recorded
at 5°C.

P NMR spectra of uteri from adult hamsters during the
estrous cycle

A typical *'P NMR spectra of uteri excised from an
adult hamster is shown in Fig. 2. The NMR signals
were assigned based on the chemical shifts of the pure
compounds at the same pH as the tissue and by the
enhancement of the intensity of a particular spectral
line following the addition of a standard compound to
the sample. The main signals in the spectra were due
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to sugar phosphate (SP) or phosphomonoester (PME at
6.50 ppm), inorganic phosphate (Pi at 5.00 ppm), glyc-
erophosphocholine (GPC at 2.75 ppm), creatine phos-
phate (PCr at —0.45 ppm) and the 7, x and § peaks of
ATP (at —2.65, —7.50 and —16.50 ppm, respect-
ively).

Figure 3 shows *P NMR spectra of uteri of adult
hamsters in various stages of the estrous cycle. The
uteri used from the various animals were normalized
with respect to a constant weight and all other instru-
mental conditions so as to facilitate comparison of the
spectra and calculation of the concentration of the
metabolites. The results (Table 1) indicate that the
concentrations of PME and Pi remain similar all
through the estrous cycle. But GPC levels were very
low and the concentration did not vary significantly
during the estrous cycle. PCr levels were similar in the
diestrus and proestrus animals but showed a significant
increase in the estrus animals. As compared to the
above metabolites ATP concentrations which were low
in diestrus animals increased significantly in the uteri
of estrus hamsters.

P NMR spectra of uteri from OV X hamsters

The variations in the levels of phosphometabolites
observed in the uteri of hamsters during the estrous
cycle may reflect variations induced due to changes in
the intrinsic hormonal levels of the animals. In order to
investigate this aspect *'P NMR spectra of the uteri of
adult female hamsters following ovariectomy and injec-
tion with steroid hormones were studied. The OVX
animals showed seven distinct peaks corresponding to
PME, Pi, GPC, PCr and the y, « and f peaks of ATP,
OVX animals following treatment with estradiol
showed significant increase in the concentrations of
PCr and ATP (Table 2). However, such increases in
metabolite concentrations were not observed following
treatment of OVX animals with either progesterone or
testosterone. In fact, progesterone significantly
decreased the amount of GPC in the uteri of OVX
animals when compared to the respective controls.

MDP

YATP o ATP

PCr PADP o ADP

SATP

25 20 5 10 5

ppm

Fig. 2. A typical P NMR spectrum of an uterus from an adult hamster recorded at 5°C in DMEM. MDP,

methylene diphosphoric acid; PME, phosphomonoesters; Pi, inorganic phosphate; GPC, glycerophospho-

choline; PCr, phosphocreatine; ADP, adenosine diphosphate; ATP, adenosine triphosphate. The X-axis
represents the chemical shift (ppm) and the Y-axis represents the signal intensity.
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Fig. 3. P NMR spectra of uteri of adult hamsters in diestrus, proestrus and estrus phase of the estrous cycle.
The spectra were recorded at 5°C in DMEM keeping the wet weight (220 mg) of the uteri constant. For other
details refer to Fig. 2.

Testosterone did not significantly alter the levels of
PME, GPC, PCr and ATP in the uteri of OVX animals
as compared to the controls. The levels of Pi remained
significantly unchanged in OVX animals treated either
with estradiol or progesterone. However, OVX animals
injected with testosterone showed a decrease in the
level of Pi.

3P NMR spectra of uteri from immature hamsters

PME, Pi, PCr and ATP were detectable in the 3P
NMR spectra of uteri of immature hamsters (Fig. 4)
but GPC was not clearly visible. Estradiol adminis-
tration significantly increased the concentration of
ATP but did not bring about any significant change in

Table 1. Concentration of phosphorus containing metabolites in the uteri of adult hamsters during
the various phases of the estrous cycle

Phase of Concentration of metabolites (mmol + SEM/kg wet weight of uterus)
the estrous

cycle n PME Pi GPC PCr ATP
Diestrus 5 7.25+0.7* 5.95+0.7* 1.05 4+ 0.3* 2.55+0.5* 4124+ 0.7*
Proestrus 4 6.30 + 0.7* 5.75 4+ 0.7% 0.95 +0.2* 2.024+0.2* 5.73 + 1.0*t
Estrus 6 7.18+0.7* 5.54 + 0.5* 1.08 + 0.3* 4.23+0.7% 6.98 + 1.31

Within each vertical row different superscripts (* or 1) indicate that the means are significantly different
(P <0.05). Spectra were recorded keeping the wet weight of the uteri constant (220 mg) in all the
experiments. n, represents the number of times the experiment was done.

Table 2. Concentration of phosphorus containing metabolites in the uteri of adult OVX hamsters following
treatment with estradiol, progesterone and testosterone

Concentration of the metabolites (mmol + SEM/kg wet weight of uterus)

Treatment PME

x

Pi GPC PCr ATP

OvVX

OVX + estradiol
OVX + progesterone
OVX + testosterone

[SSRNUVIRN NN

8.49 + 0.4*¢ 4.13 +0.5* 1.70 4 0.3* 2.40 4+ 0.6* 6.33 + 1.0*
9.82 +0.9* 5.43 + 0.4* 1.71 + 0.2* 413 +0.3¢ 8.74 £ 0.9¢
7.89 £ 0.7%% 4.76 + 0.5* 1.05 4 0.2* 2.02+0.2* 6.33 +1.1*
7.10 + 0.6% 2.03 +0.3% 1.10+ 0.2} 2.83+0.7* 5.14 + 1.5*

* Within each vertical row different superscripts (* or 1) indicate that the means are significantly different (P < 0.05).
Spectra were recorded keeping the wet weight of the uteri constant (220 mg) in all the experiments. 7, represents

the number of times the experiment was done.
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Fig. 4. P NMR spectra of uteri of immature hamsters at 0

to 28 h after estradiol injection. The spectra were recorded at

5°C in DMEM, keeping the wet weight (180 mg) of the uteri
constant. For other details refer to Fig. 2.

the concentration of the other metabolites when com-
pared to the untreated immature animals (Table 3).
Progesterone and testosterone also did not increase or
decrease the concentrations of these metabolites in the
uteri of immature hamsters.

In a separate experiment the *P NMR spectra of
uteri from immature hamsters at various time points
(from 0 to 28 h) after estradiol injection were also
recorded (Figs 4 and 5). The results indicated that
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Fig. 5. Changes in the concentrations of PME, Pi, PCr and
ATP in the uteri of immature hamsters following injection of
estradiol. Calculations on the concentrations of the metab-
olites is based on spectra which were recorded at 5°C in
DMEM keeping the wet weight (180 mg) of the uteri constant,

PME, Pi and PCr concentrations declined upto 8 h and
later rose and exceeded control levels by 12 to 18 h
(Fig. 5). Subsequently, the concentrations of PME, Pi
and PCr remained at levels similar to the untreated
immature female hamsters. The concentration of ATP
decreased significantly within 4 h following estradiol
administration. But, subsequently, by 8 h it reached the

Table 3. Concentration of phosphorus containing metabolites in the utert of immature hamsters
Jollowing treatment with estradiol, progesterone and testosterone

Concentration of the metabolites (mmol + SEM/kg wet weight of uterus)

Treatment n PME Pi PCr ATP

Immature 4 10.03 + 1.3%¢ 6.50 +0.7* 1.49 +0.4* 4.62+0.5%
Immature + estradiol 5 11.98+1.7* 6.16 + 0.6* 2494 0.8* 6.89 + 0.61
Immature + progesterone 6 9.65 +1.2*t 5.37 +0.6* 1.95 + 0.4* 4.94 + 0.9%
Immature + testosterone 7 8.11 £ 0.8*t 6.25 + 0.6* 1.88 + 0.3* 5.14+0.9*

*Within each vertical row different superscripts (* or 1) indicate that the means are significantly different
(P < 0.05). Spectra were recorded keeping the wet weight of the uteri constant (180 mg) in all the
experiments. #n, represents the number of times the experiment was done.




592

control level and remained significantly unchanged
until 28 h.

Intracellular pH

The pH dependent chemical shift of Pi in DMEM
is shown in Fig. 1. The intracellular Pi peak of
hamster uteri was identified by the specific enhance-
ment of the peak on addition of Pi to the NMR
tube in the presence of the uteri. The chemical shift
of Pi in hamster uteri indicates that its internal pH
is about 7.4. The intracellular pH of the uterus
was independent of the estrous cycle and it was
found to be 7.38 + 0.02, 7.40 + 0.03 and 7.37 + 0.02 in
the uterus of diestrus, proestrus and estrus animals,
respectively.

DISCUSSION

P NMR spectroscopy has been used effectively to
ascertain the phosphorus containing metabolites in the
intracellular milieu of a number of cells and organs [9]
such as urinary bladder [16], testis [17], smooth
muscle, brain and heart [18, 19], liver [20], human eye
lens [21], placenta [11], red blood cells [22], algal cells
[23], sperm cells [24], sea urchin eggs [25] and embryos
of Xenopus laevis [26]. In all these organs and cell types
the predominant phosphometabolites were identified as
sugar phosphates or phosphomonoester (PME), inor-
ganic phosphate (Pi), creatine phosphate (PCr), glyc-
erophosphocholine (GPC) and the y, x and f§ phosphate
peaks of ATP. Further, it was also consistently
observed that the spectral peaks of the various metab-
olites were broad but distinct when whole tissue,
organs or cells were used for NMR. However, whole
tissue, organs or cells were preferred for *P NMR and
not PCA extracts because the latter method was not
consistent and was also responsible for the partial
degradation of labile compounds like ATP [13, 14].
Hence, in the present study using whole uteri of
hamster distinct but broad spectral peaks correspond-
ing to the above phosphometabolites were identified
based on their chemical shifts and on comparison with
similar NMR data of uteri of rat [11, 13, 14] and rabbit
[16]. Recent studies have indicated that the PME signal
1s a composite peak consisting of phosphoethanolamine
(leftmost peak) and phosphocholine (right peak) [12] as
visible in Fig. 2 of the present study. The NMR signals
were also assigned based on the chemical shifts of the
pure compounds recorded under similar conditions as
that of the tissue and by specific enhancement studies
where increase in the intensity of a particular spectral
line was monitored following the addition of a standard
compound to the NMR tube containing the tissue.
Further, perchloric acid extracts of the uterine horns of
hamster also indicated the presence of the above phos-
phorus containing metabolites (data not shown). Since
whole uteri were used in the present investigation, the
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NMR signals represent metabolites of the whole uteri
inclusive of the endometrium and myometrium.
Attempts were not made to separate the endometrium
and myometrium because such a manipulation would
have resulted in the breakdown of metabolites [9]. It is
for this reason that earlier studies in rat and rabbit were
also carried out with intact whole uteri and preferably
at low temperatures [13, 14, 16] as in the present study.
The concentrations of PME, GPC, PCr and ATP in
the uteri of hamsters are comparable to that reported
earlier for the uteri of ratand rabbit [13, 14, 16]. Our own
experiments using rat uteri also revealed spectral peaks
corresponding to PME, Pi, PCr, GPC and ATP and
the concentrations of these metabolites in adult rat uteri
(data not shown) were similar to the values reported by
Dawson and Wray [13] and Degani et al. [14].

The hamster exhibits an invariant 4 day estrous cycle
and thus can be used to study biochemical changes
during the estrous cycle and to correlate these changes
with the existing levels of steroid hormones. The
significant increase in PCr and ATP levels in the uteri
of estrus animals when compared to the diestrus ani-
mals could be attributed to the increased levels of
estradiol in the peripheral circulation [27] observed in
estrus animals. In contrast, PME, Pi and GPC levels
did not exhibit any significant change during the
estrous cycle. Such studies on changes in the levels of
phosphate containing metabolites in the uteri of
mammals during the estrous cycle have not been done
earlier thus precluding the possibility of a comparison.
The deduction that the increase in PCr and ATP levels
during estrus is due to estradiol is supported by the fact
that immature rats following estradiol injection also
exhibited an increase in these two metabolites [28].
This would also imply an increase in PCr and ATP
concentrations in the uteri of OVX animals treated with
estradiol. The present study does indeed show such
increases and is in agreement with an earlier obser-
vation that in the uteri of OVX rats a 909, increase
in PCr was observed [28] following estradiol adminis-
tration. Previous studies have also clearly demonstrated
that alterations in levels of phosphometabolites in
rats during pregnancy and parturition were under
hormonal control [13,14]. The decrease in the
phosphometabolites immediately after estrus and
during diestrus may be attributed to an increase in the
level of progesterone.

In hamster, as in other mammals, ovulation coincides
with estrus and an increased level of progesterone
which peaks at this time. Increase in progesterone also
results in an abrupt decline in estradiol level [27].
Hence, increase in phosphometabolites may also be due
to influence of progesterone. In order to ascertain this
effect of progesterone, it would be best to evaluate the
levels of phosphometabolites in animals which were
under the influence of progesterone alone and in the
total absence of estradiol. For this purpose adult OVX
animals were injected with progesterone but the results
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indicated that progesterone by itself did not increase
the concentration of PCr and ATP as observed in
estrus or OVX animals treated with estradiol. The male
steroid hormone, testosterone also did not increase the
level of PCr and ATP in OVX animals when compared
to the untreated, control OVX animals although, the
testosterone treated animals did show a decrease in Pi
levels probably due to reduced utilization of ATP and
PCr.

Earlier studies in rats using perchloric acid extracts
of frozen uteri and intact frozen uteri had indicated a
decrease in ATP concentration within 4 h of estradiol
administration [8, 14]. Our NMR experiments with
uteri of immature hamsters also indicated a decrease in
A'TP concentration. In addition, a substantial decrease
in PME, Pi and PCr levels was also observed by 8 h.
These three metabolites were also demonstrated to
decrease in concentration in the uteri of immature rats
following estradiol administration [14]. The decrease in
ATP is probably a reflection of the increased utilization
of ATP needed for the increased rate of synthesis of
RNA and phospholipids which occurs 4 h after estra-
diol administration [29, 30]. The subsequent decrease
in PCr after 8 h in hamster (present investigation) and
after 6 h in rat [14] is probably due to its conversion to
ATP as evidenced by an increased creatine kinase
activity during this period [14]. However, after 8 h of
estradiol administration, ATP concentration was found
to increase to control level and remain significantly
unchanged till 32 h. This accumulation of ATP may
not be only due to conversion of PCr to ATP because
PCr also showed an increase in concentration between
12 to 18 h. In fact, based on similar observations in
estradiol treated immature rats Degani er al. [14]
proposed that certain processes (which are as yet
unknown) are initiated 12 to 24 h after estradiol admin-
istration to enhance ATP accumulation in the uteri of
rats. The PME signal is due to several phospho-
monoesters and the decline in concentration observed
after 8 h of estradiol administration coincides with the
decrease observed in the levels of PCr and Pi. It is
difficult to speculate the reason for this decline but it
may be worth mentioning that estradiol administration
is known to deplete the sugar phosphate pool in the
uterus {31].

Very few measurements have been made on the
intracellular pH of the uterus. In the hamster, the
internal pH of the uteri in the diestrus, proestrus
and estrus animals were around 7.4 at 5°C when
suspended in a buffer of pH 7.2. Earlier measurements
had indicated that the intracellular pH of the rat uterus
was 7.08 at 37°C and 7.0 at 18°C. In the former study
the tissue was bathed in a buffer of pH 7.3 and in
the later in a buffer of pH 7.4 [13, 32]. In both these
cases the tissue was maintained in the presence of 59
CO,. Thus 1t appears that the internal pH of hamster
uterus is slightly higher than that reported for the rat
uterus.
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CONCLUSIONS

This study demonstrates that as in rat, rabbit and
man the main phosphometabolites in hamster uteri are
PME, Pi, GPC, PCr and ATP. It also indicates that the
concentration of phosphorus containing metabolites in
the uteri of adult hamsters varies depending on the
phase of the estrous cycle, and that a significant
increase in PCr and ATP in the estrus animals is
probably due to estradiol. In fact, immature female
hamsters and OVX adult hamsters following estradiol
administration also exhibited an increase in the concen-
trations of PCr and ATP, thus confirming the role of
estradiol in the induction of synthesis of these metab-
olites. Besides, progesterone and testosterone did not
increase the concentration of the phosphorus contain-
ing metabolites. It was also observed that the intra-
cellular pH of the hamster uterus was 7.4 and it did not
vary during the estrous cycle.
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