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A B S T R A CT The physiologic effects of epinephrine
on mineral metabolism are not known. In six healthy
men, insulin-induced hypoglycemia, a potent stimulus
to endogenous epinephrine secretion, resulted in a dec-
rement of 0.9±0.1 mg/dl (mean±SE, P <0.001) in
serum inorganic phosphorus and smaller increments
in magnesium and total and ionized calcium. Plasma
immunoreactive parathyroid hormone (iPTH) de-
creased and plasma immunoreactive calcitonin (iCT)
increased appropriately with the increments in cal-
cium and magnesium. Wewished to determine to what
extent these changes in mineral metabolism might be
attributable to epinephrine. Therefore, in the same
protocol, we infused the hormone over 60 min in these
six men, in doses that resulted in steady-state plasma
epinephrine concentrations ranging from 52 to 945
pg/ml (levels that span the physiologic range), for a
total of 25 studies. Serum ionized calcium, iPTH, and
iCT concentrations were unaltered by these physio-
logic elevations of plasma epinephrine. However, epi-
nephrine resulted in dose-dependent decrements in
serum inorganic phosphorus of 0.6±0.1 mg/dl
(P < 0.005) for the highest epinephrine infusion rate.
The plasma epinephrine concentration threshold for
this hypophosphatemic effect was '50-100 pg/ml.
Thus, the sensitivity of the hypophosphatemic re-
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sponse to epinephrine is comparable to that of the car-
diac chronotropic, systolic pressor, and lipolytic re-
sponses to epinephrine, and considerably greater than
that of the diastolic depressor, glycogenolytic, glycol-
ytic, and ketogenic responses to the hormone in human
beings. In view of its rapidity, the hypophosphatemic
effect of epinephrine is probably the result of a net
shift of phosphate from the extracellular compartment
to intracellular compartments. Wesuggest that it is a
direct effect of epinephrine, in that it is not mediated
by changes in availability of the primary regulatory
hormones PTH and CT, although indirect effects me-
diated by changes in other hormones, such as insulin,
cannot be excluded. The hypophosphatemic response
is also not attributable to increments in plasma cal-
cium. These data indicate that epinephrine in physi-
ologic concentrations is a hypophosphatemic hormone
in man.

INTRODUCTION

Sensitive isotope derivative methods for measurement
of catecholamines in plasma have stimulated renewed
interest in study of the sympathoadrenal system in
man, and made possible definition of the endogenous
plasma catecholamine concentrations achieved in a
variety of physiologic and pathophysiologic states (1).
This information permits distinction between phar-
macologic and physiologic effects of the catechol-
amines. For example, it has been shown that physio-
logic increments in plasma epinephrine affect carbo-
hydrate and lipid metabolism, as well as hemodynamic
variables in normal human beings (2).
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The physiologic effects of epinephrine on mineral
metabolism are not known. Large doses of epinephrine
have been reported to decrease serum calcium (3, 4)
and inorganic phosphorus (5, 6) concentrations; re-
ported effects of epinephrine on serum magnesium are
contradictory (7, 8). A rather large body of evidence
(3, 9-14, reviewed in 15) indicates that adrenergic
agonists can increase parathyroid hormone (PTH)' and
calcitonin (CT) secretion. These studies have given rise
to the concept of noncalcium, epinephrine-mediated
regulation of PTH and CT secretion, which has been
proposed to have physiologic significance in man (14).
However, none of the cited studies document that
plasma epinephrine concentrations comparable to
those achieved under physiologic conditions in man
can alter PTHor CT secretion or, for that matter, any
aspect of mineral metabolism.

In the present studies, we examined the effects of
insulin-induced hypoglycemia, a potent stimulus to
epinephrine secretion (1), on serum total and ionized
calcium, inorganic phosphorus and magnesium, and
plasma immunoreactive PTH (iPTH) and immuno-
reactive CT (iCT) in normal men. In the same protocol,
to determine the extent to which the observed changes
might be attributable to epinephrine, the hormone was
infused in the same subjects in doses that resulted in
steady-state plasma epinephrine concentrations span-
ning the physiologic range. The data do not support
the concept that epinephrine plays a physiologic role
in the regulation of PTHor CT secretion, but indicate
that epinephrine in physiologic concentrations is a
hypophosphatemic hormone in man.

METHODS
Experimental design. This study was approved by the

Human Studies Committee of the Mayo Clinic and Foun-
dation. Each subject gave written, informed consent to the
studies.

In the Mayo Clinical Study Unit, each of six healthy male
volunteers (24-33 yr of age, 66-92 kg) underwent six studies,
separated by at least 1 wk, in random sequences unknown
to the subjects. The six studies were: insulin-induced hypo-
glycemia; four 60-min (-)epinephrine infusions; and cal-
cium and EDTA infusions. One subject underwent a fifth
epinephrine infusion.2

Studies were begun at 0700-0800 h after an overnight fast.
The subjects remained supine throughout. Antecubital veins
in each arm were cannulated, one for sampling and one for
infusions, 90 min before infusions began. Constant drug in-

' Abbreviations used in this paper: CT, calcitonin; iCT,
immunoreactive CT; iPTH, immunoreactive PTH; p[E]ss,
steady-state plasma epinephrine concentrations, PTH, para-
thyroid hormone; SE, standard error.

2 One subject's first infusion at a nominal rate of 5.0 sg/
min was inadvertently free of hormone. We therefore re-
peated the infusion in him, but included data from the no-
hormone infusion as a suitable control.

fusion rates were assured by use of infusion pumps (Travenol
Laboratories, Deerfield, IL). The electrocardiogram, heart
rate, and blood pressure were monitored every 10 min. No
adverse effects occurred during the infusions, although pal-
pitations were commonly noted during 5.0-;g/min epi-
nephrine infusions. Blood was drawn at 5-min intervals for
measurement of plasma iPTH and iCT, and serum total cal-
cium, inorganic phosphorus and magnesium, at 10-min in-
tervals for plasma epinephrine and norepinephrine, and at
20-min intervals for serum ionized calcium. Plasma glucose
was measured at 5-10-min intervals. Blood loss did not ex-
ceed 120 ml per study.

Hypoglycemia was produced by rapid intravenous injec-
tion of regular insulin (Regular Iletin II, Eli Lilly & Co.,
Indianapolis, IN), 0.1 U/kg body wt. For the epinephrine
infusions, (-)epinephrine (Bristol Laboratories, Syracuse,
NY) was diluted in 0.9% sodium chloride containing 0.25
mg/ml ascorbic acid and infused at nominal rates of 0.5,
1.0, 2.5, and 5.0 Mg/min for 60 min. Calcium and EDTA
infusions were performed to verify the sensitivity of the
hormone assays to small changes in hormone concentrations
resulting from increments and decrements in serum calcium.
On one day, we administered in sequence: 60 ml of 0.9%
sodium chloride over 30 min, 1.5 mg/kg of elemental cal-
cium (as the gluconate salt), over 5 min, 120 ml of 0.9%
sodium chloride over 60 min, 10 mg/kg of disodium eth-
ylenediaminetetraacetic acid (EDTA, Endrate, Abbott Lab-
oratories, North Chicago, IL) in 60 ml of 0.9% sodium chlo-
ride over 30 min, and 60 ml of 0.9% sodium chloride over
the last 30 min.

Note that throughout all of the studies, the intravenous
infusion rate (saline or saline plus drug) was held constant
at 60 ml/30 min.

Analytical methods. Weestimated iPTH by the method
of Arnaud et al. (16) using antiserum GP-1M, which has
major immunochemical specificity for an amino acid se-
quence within the 44 to 68 region of human and bovine PTH
(17). The ability of this assay to detect small short- and long-
term changes in iPTH has been documented (18-22). iCT
was measured with antiserum G-1701 by our previously pub-
lished method (23). Earlier studies established the capacity
of this assay to detect small changes in iCT concentrations
(23-26). We used our "microassay" modification for both
assays to permit triplicate determinations with controls for
nonspecific binding using only 200 ;J of plasma for each
hormone (27). All samples from a given study were analyzed
together to exclude the effect of interassay variation. For the
PTH and CT assays, the average intraassay coefficients of
variation for appropriate internal reference standards were
12.1±1.6% and 10.7±1.3%, respectively.

Plasma epinephrine and norepinephrine were measured
with a single isotope derivative assay (28) using 50-,gl sam-
ples. All samples from a given study were included in a single
assay. Intraassay coefficients of variation are <10%.

We measured serum total calcium and magnesium by
atomic absorption spectrophotometry (Perkin-Elmer model
2380, Perkin-Elmer Corp., Norwalk, CT), serum ionized
calcium with the AMTElectrion (29), serum inorganic phos-
phorus by the standard colorimetric method of Fiske and
Subbarow (30), and plasma glucose by a standard glucose
oxidase method. Wemeasured insulin by a conventional ra-
dioimmunoassay (31).

Statistical methods. Data were analyzed by two-tailed,
paired t tests. Wemade comparisons with the mean of the
base-line values (-10, -5, and 0 min) for each individual
time value and for the entire epinephrine infusion period
(5 to 60 min). Steady-state plasma epinephrine concentra-
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tions (p[E]ss) and threshold values associated with particular
parameters were estimated as previously described (1, 2).
The data are presented as the mean±1 SE.

RESULTS

Calcium and EDTA infusions (Table I). Incre-
ments and decrements from base line in serum ionized
calcium were associated with significant decrements
and increments, respectively, in iPTH levels. Increases
in serum ionized calcium were associated with signif-
icant increases in iCT and epinephrine levels, although
the latter were trivial.

Insulin-induced hypoglycemia (Fig. 1). After in-
sulin injection the plasma glucose concentration fell
from 93±1 to a nadir of 34±2 mg/dl (P <0.0001).
Plasma epinephrine rose from 36±12 to 860±49 pg/
ml (P < 0.0001), and plasma norepinephrine increased
from 288±63 to 474±90 pg/ml (P < 0.005).

Insulin-induced hypoglycemia was associated with
a sharp decrease in serum inorganic phosphorus from
2.9±0.1 to 2.0±0.2 mg/dl (P < 0.0001 throughout 20
to 60 min), and with small increases in serum total
calcium (9.2±0.2 to 9.6±0.2 mg/dl, P < 0.005 during
20 to 40 min), ionized calcium (4.29±0.09 to 4.60±0.08
mg/dl, P < 0.01 at 40 min), and magnesium (2.1±0.1
to 2.3±0.1 mg/dl, P < 0.005 throughout 10 to 55 min).
Mean iPTH levels decreased (16±3 to 12±2 lleq/ml,
P < 0.05 during 45 to 70 min) and iCT levels increased
(44±7 to 53±6 pg/ml, P <0.01 throughout 30 to
50 min).

Epinephrine infusions (Figs. 2 and 3). Steady-state
plasma epinephrine concentrations were usually
achieved by 10 min of infusion and ranged from 52
to 945 pg/ml, values in good agreement with those
observed by Clutter et al. (2) at the same nominal
infusion rates. Plasma norepinephrine concentrations
did not change (data not shown).

Epinephrine accelerated heart rate (Fig. 2), as ex-

pected, with threshold steady-state plasma epineph-
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FICURE 1 Plasma glucose, epinephrine (E), norepinephrine
(NE), PTH, CT, and serum inorganic phosphorus (Pi), total
calcium (Ca), ionized calcium (Ca++), and Mgconcentrations
before and after the rapid intravenous injection of 0.1 U of
regular insulin/kg (arrows) in six normal human subjects.
Data are mean±SE.

rine concentrations approximating 50-100 pg/ml,
again in good agreement with the data of Clutter et
al. (2). Despite this documentation of the biological
effectiveness of the measured increments in plasma
epinephrine, iPTH and iCT concentrations (Fig. 2)
and serum ionized calcium levels (Fig. 3) were unal-
tered. An initial increment in serum magnesium con-

centrations (Fig. 3) at steady-state plasma epinephrine

TABLE I
Effects of Low-dose Calcium Infusion (5 Min) and EDTAInfusion (30 Min)

Cakium infusion EDTA Infusion

Measured variable 0 5 min 0 30 min

Total calcium, mg/dL 9.2±0.2 10.1±0.3° 9.6±0.1 9.5±0.1
Ionized calcium, mg/dl 4.27±0.08 4.69+0.12* 4.49±0.07 4.24±0.07°
Parathyroid hormone, ;l eq/nl 16±2 12±2° 12±2 19±2-
Calcitonin, pg/ml 43±5 63±7t 48±5 46±6
Epinephrine, pg/ml 19±3 36±4§ 28±4 30±4
Norepinephrine, pg/nl 267±49 283±40 332±45 309±72

Comparison with 0 time value: * P < 0.0005, t P < 0.01, § P < 0.05. These results verify that appropriate
changes in plasma iPTH and iCT are detectable with small increments and decrements of serum calcium.
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FIGURE 2 Change (A) from basal at 60 min in heart rate,
plasma iPTH, and plasma iCT plotted against steady-state
plasma epinephrine concentrations (p[E]ss, in picograms per
milliliter) during 25 epinephrine infusions at nominal rates
of 0.5, 1.0, 2.5, and 5.0 ug/min over 60 min in six normal
human subjects. Note the log scale.

concentrations of >300 pg/ml was of questionable sig-
nificance (P < 0.05 at 15 min).

Epinephrine infusions resulted in dose-dependent
decrements in serum inorganic phosphorus that reached
a plateau by 20-30 min. Phosphorus levels returned
toward base-line levels after discontinuation of epi-
nephrine infusions. The decrements in phosphorus
were significant at all four nominal epinephrine in-
fusion rates (infusion interval vs. basal: 0.5 .g per min,
P < 0.01; 1.0 jig/min, P < 0.05; 2.5,jg/min, P < 0.001;
and 5.0 jg/min, P < 0.005). The dose-response rela-
tionship between increased steady state plasma epi-
nephrine concentrations and decrements in serum in-
organic phosphorus is illustrated in Fig. 3. Clearly,
progressively higher plasma epinephrine levels were
associated with progressively greater decrements in
phosphorus. These data, grouped on the basis of
steady-state plasma epinephrine concentrations and
compared with data obtained during 30-min saline
infusions (prior to calcium and EDTA infusions), are
summarized in Table II. From the data in Fig. 3 and
Table II, one can estimate the steady-state plasma epi-
nephrine concentration threshold for the hypophos-
phatemic effect to be between 50 and 100 pg/ml.
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FIGURE 3 Change (A) from basal at 60 min in serum in-
organic phosphorus, total and ionized calcium and magne-
sium plotted against steady-state plasma epinephrine con-
centrations (p[Ejss, in picograms per milliliter) during 25
epinephrine infusions at nominal rates of 0.5, 1.0, 2.5, and
5.0 Ag/min over 60 min in six normal human subjects. Note
the log scale. For magnesium, data between 0 and 15 min
of infusion are also shown.

Plasma glucose concentrations (Fig. 4) were similar
to those reported by Clutter et al. (2) with dose-de-
pendent increments first apparent at steady-state
plasma epinephrine concentrations of 100-200 pg/ml.
Dose-dependent changes in plasma insulin were not
detected, perhaps because samples were not obtained
prior to 10 min of infusion (2).

DISCUSSION

Hypoglycemia produced by rapid intravenous injec-
tion of insulin resulted in significant changes in all of
the measured variables relating to mineral metabolism
in the present study. Most striking was a 35% decrease
in serum inorganic phosphorus, but smaller increments
in serum total and ionized calcium and total magne-
sium, and decrements in iPTH and increments in iCT
occurred. These changes are all plausibly explained on
the basis of the known effects of insulin. The hypo-
phosphatemic effect of insulin, thought to represent
net movement of phosphate from the extracellular
compartment to intracellular compartments, is well
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TABLE II
Relationship between Increasing Steady-state Plasma

Epinephrine Concentrations and Decrements in
Serum Inorganic Phosphorus Concentrations

Steady-state Change from basal
plasma epinephrine Number of in serum inorganic

Condition concentration observations phosphorus

pg/mi mg/dl

Saline infusion 12-28 6 +0.01±0.03
52-63 4 -0.18±0.10

102-117 6 -0.20±0.05°

Epinephrine 196-288 4 -0.24±0.13t
infusions 302-390 5 -0.33±0.06§

427-945 6 -0.58±0.10§

Comparison with preinfusion value:
§ P < 0.001.

*P < 0.01, t P < 0.05,

recognized. For example, DeFronzo et al. (32) dem-
onstrated decrements in plasma inorganic phosphorus
during euglycemic insulin infusions in normal humans.
Significant increments in plasma calcium were not
observed in that study (32) (perhaps because insulin
was infused rather than rapidly injected), but have
been reported in animal studies (33-35); there is some
evidence that insulin stimulates calcium release from
bone (35). Parenthetically, since we used highly pu-
rified insulin, it is unlikely that the increments in cal-
cium we saw were the result of contaminants in the
injected insulin (33). To our knowledge, insulin-in-
duced rises in serum magnesium have not been re-

LU +15(
V __

o = +10'
u csD E IJ
0-
< -5

+I

Z - -I
- E

+M

-I1

o0
10 .

10~I Hil

10 ^0-10
0 -

10

10 50 100

p[E]ss
500 1000

FIGURE 4 Change (A) from basal at 60 min in plasma glu-
cose (top panel), and at 0-60 min (middle panel) and 0-10
min (bottom panel) in plasma insulin plotted against steady-
state plasma epinephrine concentrations (p[E]ss, in pico-
grams per milliliter) during the 25 epinephrine infusions
depicted in Figs. 2 and 3. Note the log scale.

ported previously. Lastly, the decrements in iPTH and
increments in iCT observed in association with insulin-
induced hypoglycemia are reasonably attributed to the
observed increments in serum calcium, perhaps in con-
cert with the observed increases in serum magnesium.
This idea is supported by our documentation of mea-
surable decrements in iPTH and increments in iCT in
response to small increases in serum calcium produced
by low-dose calcium infusions (Table I).

Hypoglycemia elicits an array of neuroendocrine
responses, including those that play a physiologic role
in promoting restoration of euglycemia, specifically,
glucagon and epinephrine secretion (36-40). In view
of reports, mentioned earlier, that pharmacologic
doses of adrenergic agonists including epinephrine can
alter serum calcium (3, 4) and phosphorus (5, 6) con-
centrations, and increase iPTH and iCT levels (3, 9-
15), we sought to determine to what extent the changes
observed during insulin-induced hypoglycemia might
be attributable to epinephrine.

Epinephrine was infused over 60 min in doses re-
sulting in steady-state plasma epinephrine concentra-
tions that ranged from 52 to 945 pg/ml, levels that
span the physiologic range (1), in a total of 25 studies.
Epinephrine had no effect on the plasma concentra-
tions of PTH or CT or the serum concentrations of
ionized calcium. These findings, therefore, do not sup-
port the concept that epinephrine plays a physiologic
role in the regulation of PTH and CT secretion or in
the regulation of serum calcium concentrations in
man. Our results contrast with data from several in
vitro studies. The ability of epinephrine to increase
PTHsecretion from parathyroid cells in vitro has been
well demonstrated (9, 11). The most likely explanation
for this discrepancy lies in the epinephrine concentra-
tions used: an epinephrine concentration in vitro of
10' Mis necessary to raise PTH secretion 50% above
control (9), whereas the steady-state epinephrine con-
centrations achieved during the highest dose infusion
were about two orders of magnitude lower, 3.6
X 10-9±0.4 X 10-9 M.

The results of our study differ also from some in
vivo data. In cows, circulating epinephrine concentra-
tions between 2,000 and 3,000 pg/ml (1.1 X 10-8
- 1.6 X 108 M) can double iPTH levels (13). These
concentrations are higher than the ones we achieved,
and are clearly supraphysiological for humans (1).
Moreover, it is hazardous to relate epinephrine actions
in cattle to human physiology, since epinephrine-in-
duced changes in iPTH and free fatty acid levels occur
in that species before any increase in heart rate (3),
whereas the heart rate is the most sensitive index of
epinephrine action in man (2).

Thus, the present data provide strong evidence
against a physiologic role for the adrenomedullary
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hormone, epinephrine, in the regulation of PTH and
CT secretion. They do not, of course, exclude a role
for sympathetic neural norepinephrine (15).

Notably, however, physiologic elevations of plasma
epinephrine resulted in significant dose-dependent
decreases in serum inorganic phosphorus. In the study
of Clutter et al. (2), steady-state plasma epinephrine
concentration thresholds for the cardiac chronotropic
effect of the hormone were estimated to be in the range
of 50 to 100 pg/ml; those for the systolic pressor and
lipolytic effects in the range of 75 to 125 pg/ml; those
for the diastolic depressor, glycogenolytic, glycolytic,
and ketogenic effects in the range of 150 to 200 pg/
ml; and those for the initial suppression of insulin
> 400 pg/ml in the normal human subjects. From the
present data, the estimated steady-state plasma epi-
nephrine concentration threshold for the hypophos-
phatemic effect is 50-100 pg/ml. Thus, the hypo-
phosphatemic effect is among the most sensitive of the
known responses to epinephrine in man.

In view of its rapidity, the hypophosphatemic re-
sponse to epinephrine is probably the result of a net
shift of phosphate from the extracellular compartment
to intracellular compartments. The mechanisms by
which epinephrine causes this shift are not clear. The
hypophosphatemic response would appear to be a di-
rect effect of epinephrine, since it is not attributable
to increments in serum calcium or to changes in the
secretion of PTH or CT, the hormones generally
thought to be the primary regulators of rapid changes
in mineral metabolism. We have no data regarding
whether the phenomenon is mediated by a- or ,-re-
ceptors. It is conceivable that the hypophosphatemic
effect might be secondary to changes in other hor-
mones, particularly insulin. As mentioned earlier, in-
sulin lowers the serum phosphorus concentration, at
least when infused in rather high doses (32). Further,
although insulin secretion is restrained relative to the
hyperglycemia occurring during infusions of epineph-
rine, small increments in plasma insulin can occur
during 60-min epinephrine infusions (2). However, the
data of Clutter et al. (2) and the present data argue
against the interpretation that insulin alone mediates
the hypophosphatemic effect of epinephrine, since
steady-state plasma epinephrine concentrations sub-
stantially higher than those shown here to cause dec-
rements in serum phosphorus are required to produce
meaningful increments in plasma insulin above base-
line levels. Lastly, it is unlikely that hyperglycemia
alone mediates the hypophosphatemic effect of epi-
nephrine since, again, steady-state plasma epinephrine
levels that do not consistently raise plasma glucose (2
and present data) are here shown to lower serum in-
organic phosphorus.

Regardless of its mechanisms, these data indicate

that epinephrine in physiologic concentrations is a
hypophosphatemic hormone in man. In contrast, the
data clearly show that circulating epinephrine is not
a physiologic regulator of PTH or CT secretion. The
hypophosphatemic effect occurs at plasma epineph-
rine concentrations that are commonly achieved under
physiologic conditions. The mechanisms and biologic
roles, if any, of this hypophosphatemic action of epi-
nephrine, remain to be established. However, one
might speculate that the hypophosphatemia occurring
in several clinical states, including sepsis (41), acute
myocardial infarction (42), and toxic shock syndrome
(43) results in part from epinephrine release.
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