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Abnormal Polyamine Metabolism in Hereditary
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EFFECTOF HUMANGROWTHHORMONE
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GOLDSMITH, Departments of Medicinie, Bio,nietrly, a nd Pediatrics,
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A B S T R AC T Previous studies showed hyperre-
sponsiveness to human growth hormone (hGH) in men
with myotonic or limb girdle dystrophies (MMD or
LGD). Because polyamines may mediate some actions
of hGH, we have nlow investigated polyamine metab-
olisimi in these and other dystrophies.

Under metabolic balance study conditions, serum
and urine levels of putrescine (Pu), spermidine (Sd),
spermine (Smn), and cadaverine (Cd) were measured in
six normal meni (36-44 yr), four men with MMD(38-
44 yr), and three men with LGD (30-36 yr), before
and durinig treatment with 0.532 U/kg body wt 314/d of
hGH. Daily balances of N, P, and K were also moni-
tored. In the normal subjects, hGH did not influence
elemental balances or serum and urine polyamines.
In MMD,hGHcaused significant retention of N, P, and
K (P < 0.005). Basal levels of Smn anid Cd were signif-
icantly elevated above niormal (P < 0.005), and Pu,
Smn, and Cd increased two- to fourfold above basal
during hGHtreatment (P < 0.005). In LGD, hGHalso
caused retention of N, P, and K. Basal levels of nearly
all the polyamiines (not serumi Pu) were significantly
above normal in serum and urine (P < 0.05). During
hGH treatmenit, all fotur polyamines rose significantly
above basal (P < 0.005).

Serum and urine polyaminie levels in five boys with
Duchenne muscular dystrophy, age 8-13, did not differ
from those in five age-matched normal boys.

Skeletal muscle polyamines were measured in five
men (31-40 yr) without muscle disease and in three
meni with LGD (30-38 yr). Average concentrationis of
Pu, Sd, Sm, and Cd were 46, 306, 548, and 61 nmol/g
wet wt in LGDand 1, 121, 245, and 14 in the normnal
subjects, respectively (P < 0.05 in each instance).

Received for publication 9 Jutly 1979 and in revised form
14 September 1979.

Polyamnines were determined in skeletal muscle,
liver, kidnlley, and brain of male mice with hereditary
muscular dystrophy and in age- and sex-mnatched nor-
mal controls. Pu, Sd, Sm, and Cd levels were two to
three timiies higher than nonrnal in muscle, but did not
differ in liver, kidney, and brain. Similar findings were
made in miiale hamsters with hereditary dystrophy anid
in their conitrols. The abnormality in hamster mnuscle
polyamiinies appeared between 1 and 6 wk of age and(
persisted or intensified until 30 wk.

These data reveal abniormalities of polyamnine me-
tabolism in men with MMD, in mnen with LGD, and
in mice or hamsters with hereditary muscular dys-
trophy. The polyamine disorder could be related to
dystrophic patients' hyperresponsiveness to hGH.

INTRODUCTION

In subjects with growth hormonie (GH)l deficiency,
injectioni of humani GH(hGH) causes retention of N, P,
and K (1, 2). The positive balances of these elemenits
reflect expansion of the intracellular comiipartmienit
with concomitant acceleration of protein synthesis. In
normal individuals, any such effect at a given dose of
hGH is <10% as great as in GH-deficienit indivi(luals
(1). Thus the latter patients are hyperresponsive to the
anabolic effect of the hormnonie.

The mechanism by which GH stimnulates protein
synthesis probably involves the polvamiiines putrescine
(Pu), spermidine (Sd), and sperminie (Sm), located in
ribosomes and cytosol of all body cells in the form of
polyamine-RNA (3, 4) and possibly polyamine-protein

'Abbreviations used in this paper: BW, body weight; Cd,
cadaverine; DMD, Duchenne muscular dystrophy; GH,
growth hormone; hGH, human GH; LGD, limb girdle muscu-
lar dystrophy; MMD, myotonic muscular dystrophy; Pu,
putrescine; Sd, spermidine; Sm, spermine.
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TABLE I
Clinical Data of the Dystrophic Patients Studied

Duration Functional Muscle
Subject Experiment Age of symptoms class (26) score (27)*

yr yr

MMD1 metabolic balance study 42 20 4 290
MMD2 metabolic balance study 38 5 1 60
MMD3 metabolic balance study 44 12 3 190
MMD4 metabolic balance study 38 19 4 300
LGD1 metabolic balance study 30 10 3 220
LGD2 metabolic balance study 33 8 2 150
LCD3 metabolic balance study 36 6 1 80
LGD4 muscle biopsy 30 5 1 70
LGD5 muscle biopsy 38 7 1 90
LGD6 muscle biopsy 36 5 1 80
DMD1 serum and urine PA4 8 5 2 70
DMD2 serum and urine PA4 8 6 3 200
DMD3 serum and urine PAt 9 5 2 190
DMD4 serum and urine PAt 11 6 3 220
DMD5 serum and urine PAT 13 8 4 300

* Total loss of strength in all 68 muscles tested would give a score of 440, total normality a score of 0.
4 PA, polyamines.

complexes (5). (Cadaverine [Cd], produced by de-
carboxylation of lysine, is also present in some mam-
malian tissues.) GHstimulates the activity of ornithine
decarboxylase, the rate-limiting enzyme in the bio-
synthesis of Pu, Sd, and Sm, with resulting accumula-
tion of polyamines in liver, kidney, and muscle (6, 7).
Increased cellular content of polyamines is generally
associated with accelerated protein synthesis (8-11),
perhaps in part because polyamines promote formation
of polysomes and retard degradation of RNAby ribo-
nucleases (3, 12). In GH-deficient subjects, polyamines
in serum and urine are subnormal, and are restored
to normal by hGH (13). The hormone has little or no
effect on polyamine levels in normal individuals.

Men with myotonic and limb girdle muscular dys-
trophies (MMDand LGD) are hyperresponsive to the
anabolic action of hGH, although they are not deficient
in the endogenous hormone (1, 14). The mechanism
for this hyperresponsiveness, which is comparable to
that of GH-deficient subjects, is not known, but it could
involve the polyamines. To investigate this possibility,
we measured polyamines in the serum and urine of
men with MMDand LGD, before and during hGH
treatment. Elemental balances were also determined.
The same experiments were done in normal age-
matched men as controls.

Boys with Duchenne muscular dystrophy (DMD) do
not show anabolic hyperresponsiveness to hGH (15).
For comparative purposes, serum and urine poly-
amines were determined in these and in age-matched
normal boys.

Skeletal muscle polyamines were measured in three

men with LGD (30-38 yr) and, for control purposes,
in five normal men of similar age. Muscle polyamines
were also measured in male mice and hamsters with
hereditary muscular dystrophy, and their age-sex-
matched controls.

METHODS

The subjects were: six normal men (36-44 yr), five men
(31-42 yr) without muscle disease undergoing elective
laparotomy, four men with MMD(38-44 yr), six men with
LGD (30-38 yr), five boys with DMD(6-15 yr), and five
normal boys (8-13 yr). Criteria for diagnosis of MMD,LGD,

1.8-
*-.1v Normal (n=6) '

a 1.6 o--4 MMD(n=4) / ,
hL - LGD(n = 3) /

z.2 Before hGH treotment _puig_G_tetmn

f5 I~~~~~~~~~0.8
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02

2 3 4 5 6 7 8 9 10
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FIGURE 1 Average urinary excretion of putrescine (,umoles
per kilogram of body weight per day) by group and day
(average ± SE).
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TABLE II
Summary of Polyamine Levels in Serum and Urine of Normal and Dystrophic Men during Metabolic Balance Studies

Serum Urine

Pu Sd Sm Cd Pu Sd Sm Cd

/.moIlliter ;Lmollkg BW124 h

Period

Normals
0.39 0.26 0.0017

(12)
0.32 0.28 0.0058

0.0092

0.0092

0.38 0.12

0.40 0.14
(30)

0.0011 0.13

0.0005 0.13

0.49 0.14* 0.184
(8)

1.144 0.12* 0.414

0.43 0.744 0.454
(6)

0.984 1.344 1.014

0.046

0.15

0.12

0.30

0.59 0.063* 0.1234 0.28
(20)

1.63t 0.059* 0.146t 0.92

0.60 0.36t 0.028t 0.45
(15)

1.51 t 0.774 0.0764 1.76

Comparison

Normal group: control period
vs. hGHperiod

SE
p

MMDgroup: control period
vs. hGHperiod

SE
p

LGDgroup: control period
vs. hGHperiod

SE
p

Normal group (control period)
vs. MMDgroup (control
period)

SE
p

Normal group (control period)
vs. LGDgroup (control
period)

SE
p

+0.06 +0.05 ±0.05 ±0.01
NS NS NS NS

±0.07 +0.06 ±0.07 ±0.02
0.005 NS 0.05 0.005

+0.09 +0.07 ±0.09 ±0.02
0.005 0.005 0.005 0.005

+0.07 +0.06 +0.08 +0.02
NS NS 0.005 0.005

+0.07 +0.06 +0.09 +0.02
NS 0.005 0.005 0.005

+0.05 +0.02 +0.003 +0.06
NS NS NS NS

+0.06 +0.03 ±0.003 ±0.07
0.005 NS 0.005 0.005

±0.07 ±0.03 ±0.004 ±0.08
0.005 0.005 0.005 0.005

+0.08 +0.03 +0.005 ±0.08
0.05 NS 0.005 0.005

+0.08 +0.03 +0.006 +0.08
0.05 0.005 0.005 0.005

In the upper half of the table, values represent mean value for each polyamine and numbers in parentheses equal number
of observations. In the lower half, P values and SE for each multiple comparison are given.
* Significantly lower than normal from previous report (13) (P < 0.05).

Significantly higher than normal from previous report (13) (P < 0.005).

and DMDhave been given previously (1, 14, 15). Clinical Pituitary Agency). Urine was collected every 24 h at 0°C for
data of the dystrophic patients are summarized in Table I. measurement of Pu, Sd, Sm, and Cd (13); fasting serum levels

Metabolic balance studies were performed (1). After a 3-d of these compounds were determined (13) on the last 2 d of
equilibration to the standard diet, daily balances of N, P, and control and hGHperiods. Urine from the boys with DMDand
K were measured during a 5-d control period followed by a the normal boys was collected while they were on an ad lib.
5-d period of hGH (0.532 U/kg body wt [BW]'4/d) (National hospital diet.
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TABLE III
Summary of Elemental Balances during the Metabolic Balance Studies

in Normal and Dystrophic Men

AK AP AK

g g meq

Period

Normals
Control 0.084 0.0063 0.25

(30)
hGH 0.073 0.0031 0.28

MMD
Control 0.046 0.0095 0.13

(20)
hGH 0.662 0.0569 2.55

LGD
Control 0.097 0.0001 0.12

(15)
hGH 0.611 0.0569 2.46

Comparison

Normal group: control period
vs. hGHperiod

SE ±0.09 +0.007 ±0.12
P NS NS NS

MMDgroup: control period
vs. hGHperiod

SE ±0.11 ±0.009 ±0.15
P 0.005 0.005 0.005

LGDgroup: control period
vs. hGHperiod

SE ±0.13 ±0.010 ±0.17
P 0.005 0.005 0.005

Normal group (control period)
vs. MMDgroup (control
period)

SE ±0.10 ±0.008 +0.13
P NS NS NS

Normal group (control period)
vs. LGDgroup (control
period)

SE ±0.11 ±0.008 ±0.15
P NS NS NS

In the upper half of the table, values represent mean values for AN, AP, and
AK, and numbers in parentheses equal number of observations. AN, AP, and AK
are expressed as grams, grams and milliequivalents, respectively, per kilogram
BWper day. In the lower half, P values and SE for each multiple comparison
are given.

Polyamines (16), N (17), P (18), and K (19) were measured (1), lipoma of the mesentery (1), or renal cyst (1). Light micros-
in muscle removed from three men with LGD under local copy of these specimens showed changes consistent with
anesthesia; and in muscle removed from five men without LGD in the former three cases, and normal structure in the
muscle disease during elective laparotomy under general latter five.
anesthesia because of cholelithiasis (2), myomaof the stomach The clinical studies were done with approval of Emory
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FIGURE 2 Concentrations of polyamines in thigh muscle of normal and dystrophic hamsters from
1 to 30 wk of age.

University's Clinical Trials Commllittee and with the informed
consent of subject or parents, as appropriate.

Dystrophic and normal male mice (strain 129/ReJ-dy), age
10 wk, were obtained from The Jackson Laboratory, Bar
Harbor, Maine, and fed Purina rat chow (Ralston Purina Co.,
St. Louis, Mo.) ad lib. They were killed by decapitation;
polyamines (16) and total N (17) were measured in a pool of
three thigh muscles (vastus lateralis, vastus intermedius,
rectus femoris), liver, kidney, and brain. Similar studies were

done in dystrophic (Bio 14, 6) and control male hamsters,
age 1-50 wk, obtained from BioResearch Consultants, Cam-
bridge, Mass., and fed Purina rat chow ad lib. In addition to
polyamines and N, P (18) and K (19) were also determined
in the hamster thigh muscles.

Statistical methods. A single-factor repeated measures

analysis was performed on each of the dependent variables
(AN, AP, AK, urine and plasma polyamines). The grouping
factor consisted of the normals (six), the MMD(four), and the
LGD (three), over 10 timed periods (five before hGH treat-
ment and five during hGH treatment). Five multiple com-
parisons were made in each analysis using the Bonferonni
procedure. Standard errors for each comparison were esti-
mated using the appropriate error term from the analyses of
variance (see Fig. 1 and Tables II and III).

A two-factor analysis of variance was performed for each
muscle polyamine in the hamster. The factors were the groups
(normal and dystrophic) and time in weeks. The average value
for each group was then compared at each time period (Fig.
2) (20).

RESULTS

Metabolic balance stuidies in tnormal men, andl in
men with MMDand LGD. Data are summarized
in Tables II and III. The data for individual patients
are deposited with the National Auxiliary Publications
Service.2

In the normal men, serum and urine Pu, Sd, and Sm
levels fell within the 95% prediction limits reported
for normal age-adjusted subjects (13). The normal
ranges of serum and urine Cd levels, not previously
reported, were now found to be 0.00-0.02 ,mol/liter
and 0.08-0.20 ,mol/kg BWper 24 h, respectively. The
balances of N, P, and K were close to zero. During 5 d
of treatment with hGH, no significant change (P > 0.05)

2An Appendix has been deposited with the National
Auxiliary Publications Service (NAPS) as NAPS document
03555. This information may be ordered from ASIS/NAPS,
Microfiche Publications, P. 0. Box 3513, Grand Central
Station, New York 10017. Remit in advance, in U. S. funds,
$3.00 for microfiche copy, or for photocopy, $5.00 up to 20
pages plus 25¢ for additional pages. Outside the U. S. and
Canada add postage of $3.00 for photocopy and $1.00 for
microfiche. Checks should be made payable to Microfiche
Publications.
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occurred in N, P, or K balance (confirming previous
reports [1, 2]) or in serum and urine polyamine levels.

In the four men with MMD,serum and urine poly-
amine profiles differed from the normal controls in this
study and in previously reported experiments (13). In
serum and urine, Smand Cd were significantly elevated
(P < 0.005) and Sd was significantly depressed (P
< 0.05). The degrees of elevation above the normal
mean were twofold or more. Elemental balances during
the control period were essentially zero. During treat-
ment with hGH, serum and urine Pu, Sm, and Cd in-
creased two- to threefold (P < 0.05), only Sd remaining
unchanged. N, P, and K were retained in significant
amounts, the ratios averaging 0.66 g/0.057 g/2.55 meq
(confirming previous studies [1, 2]).

In the three men with LGD, the basal levels of Sd,
Sm, and Cd were all elevated in serum and urine (P
< 0.005). Elemental balances before hGH treatment
were close to zero. During hGHtreatment, serum and
urine levels of Pu, Sd, Sm, and Cd increased two- to
threefold (P < 0.005); N, P, and K were retained in
significant amounts [average, 0.61 g/0.057 g/2.46 meq],
confirming an earlier study (14).

Polyamine means in histologically dystrophic muscle

from three men with LGD were markedly higher (P
< 0.05) than in histologically normal muscle from five
men of similar age (Table IV).

DMDvs. normal boys (Table V). The normal serum
and urine levels of Pu, Sd, and Smconformed to the
previously described normal range (13). Normal levels
of Cd in serum and urine were: 0.00-0.02 ,umol/liter
and 0.17-0.93 ,mol/kg per BWper 24 h, respectively.
In boys with DMD, serum and urine polyamine levels
showed no significant differences from normal.

Dystrophic vs. normal mice. Polyamines in liver,
kidney, and brain did not differ between the two groups
(Table IV). In dystrophic skeletal muscle, polyamines
were significantly higher than in normal muscle (P
< 0.05), whereas concentration of total N was not statis-
tically different.

Diystrophic vs. niormal hamsters. At 14 wk, levels of
polyamines in liver, kidney, and brain were not sig-
nificantly different between the two groups (Table IV).
In dystrophic thigh muscles, all four polyamines were
significantly elevated, whereas concentrations of N, P,
and K were not statistically different from normal (data
for P and K not shown).

Muscle polyamines were then measured in both

TABLE IV
Tissue Concentrations of Polyamines

Species Status Tissue N Pu Sd Sm Cd

g/lOO g nmollg wet wt
dry wt

Mouse, age 10 wk Normal Muscle 13.1±0.5 0 157±6 81±15 0
(n = 4) Dystrophic Muscle 12.5±0.6 29±16 302±12 238±12 95±7

Normal Liver 4±4 1,339±44 1,260±64 0
Dystrophic Liver 8±6 1,416±81 1,369± 119 0
Normal Kidney 59± 16 563±34 1,222+46 0
Dystrophic Kidney 51±6 597+68 1,082±74 0
Nonnal Brain 26±3 634±23 474± 13 0
Dystrophic Brain 22±4 593±96 406+63 0

Hamster, age 14 wk Normal Muscle 13.3±0.6 0 37±2 176±6 94±8
(n = 8) Dystrophic Muscle 12.4±0.5 15±4 103±9 249±15 156±13

Normal Liver 0 334±17 682± 16 0
Dystrophic Liver 0 357±13 674±14 0
Normal Kidney 0 444±4 677±5 0
Dystrophic Kidney 0 454±9 674±13 0
Normal Brain 15±1 496±4 351±4 0
Dystrophic Brain 14±1 507±26 380±24 0

Human-muscle LGD deltoid 12.1 34 344 609 59
LGD deltoid 13.6 44 306 583 78
LGD deltoid 11.4 59 268 453 45
Cholelithiasis rectus abdominis 14.0 0 185 293 0
Cholelithiasis rectus abdominis 11.2 2 128 196 20
Gastric myoma rectus abdominis 12.2 0 84 219 30
Mesenteric lipoma rectus abdominis 11.6 4 79 300 12
Diaphragmatic hemia rectus abdominis 14.1 6 59 253 0

All animal values are average±SE.
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TABLE V
Serum and Urine Polyamines in Five Boys with DMDand in Five Age-Matched Normal Boys

Serum Urine

Pu Sd Sm Cd Pu Sd Sm Cd

pnol/liter Wnollkg BW124h

DMD 0.55±0.07 0.49±0.06 0.22+0.05 0.01±0.004 1.09±0.13 0.25±0.05 0.02±0.004 0.32±0.05
Normal 0.58±0.06 0.55±0.04 0.24±0.03 0.01+0.004 1.10±0.16 0.25±0.04 0.02+0.007 0.43±0.14
Average±SE, n = 5.

groups at 1, 6, 19, and 30 wk (Fig. 2). In normals, Pu,
Sd, and Smdeclined with age. In contrast, Cd rose to a
peak at 11 wk, then declined slightly. A similar but less
pronounced pattern was found in the dystrophic ham-
sters. At 1 wk, muscle polyamine levels were similar to
normal. At all ages after 6 wk, the Pu, Sd, and Smvalues,
although declining with age (with the exception of Pu
at 6 wk), remained significantly higher than normal
(P < 0.05). Although Pu nearly disappeared from nor-
mal muscle after 6 wk, it persisted at an average of 20-40
nmol/g wet tissue in dystrophic muscle. In the latter
tissue, the level of Cd was significantly higher than
normal after 11 wk (P < 0.05).

DISCUSSION

Before hGH treatment, the levels of polyamines in
serum and urine in MMDand LGDdiffered from nor-
mal and from each other. In MMD,serum and urine
Sd and Cd levels were elevated and Smwas depressed;
in LGD, the levels of nearly all the polyamines (except
serum Pu) were increased. An additional abnormality
in polyamine metabolism of MMDand LGDbecame
apparent during hGHtreatment. Although the hormone
caused no change in serum or urine polyamine levels
in normals, in menwith MMDand LGDit produced sig-
nificant increases in all polyamines, except Sd in MMD.

Further evidence for abnormal polyamine metabo-
lism in LGD was provided by the muscle analyses,
which showed elevations comparable to those in serum
and urine. This comparison is not definitive because
only three LGD specimens were studied. However,
a conclusive demonstration of elevated polyamines in
two types of genetically dystrophic skeletal muscle
was observed in the mouse and hamster. In both forms
of rodent dystrophy, the difference in polyamine profile
between diseased and normal muscle generally
resembled that between LGDand normal muscle of
man. In both rodents, the polyamine profile remained
normal in liver, kidney, and brain. The pathologic
accumulation of polyamines in dystrophic hamster
muscle began between 1 and 6 wk after birth and there-
after persisted or intensified with age.

How is the polyamine abnormality in men with

MMDand LGDrelated to their hyperresponsiveness
to hGH? The polyamine disturbance could be the re-
sult of a primary hyperresponsiveness of the dystrophic
muscle cells to the hormone. The well-known in vitro
effects of GHon muscle (21) suggest that this tissue
probably possesses specific GHreceptors. Accordingly,
we can postulate an increased number or affinity of
hGH receptors in MMDand LGDmuscle cells. Then
the basal increase in polyamines could result from
hyperresponsiveness to endogenous GH, and the fur-
ther increment in polyamines during hGH treatment
could reflect hyperresponsiveness to exogenous GH.
Alternatively, a polyamine abnormality could be the
cause and hyperresponsiveness to hGH could be the
effect. Such a primary disorder in polyamine metabo-
lism could be any of the following: (a) overactivity
in one or more enzymes of polyamine biosynthesis
(4, 22); (b) deficient activity in enzyme(s) responsible
for oxidizing (4, 22) or conjugating the polyamines (23);
(c) augmented binding of polyamines by cytoplasmic
proteins or RNA(3, 5). Then the observed increased
basal levels of polyamines would result. Furthermore,
because polyamines may be the intracellular mediators
for some of the anabolic actions of GH(4), the accumu-
lation of polyamines might cause the muscle cells to
be hyperresponsive to exogenous hGH.

Females with MMDand normal menstrual function
do not exhibit anabolic hyperresponsiveness to hGH,
apparently because endogenous estrogens inhibit this
reaction to the hormone (2). It will be of interest to study
serum and urine polyamines in such womenbefore and
during hGH treatment.

After the completion of this study, data on Pu, Sd,
and Sm in skeletal muscle of dystrophic mice and pa-
tients were published by Kremzner et al. (24). They
found accumulations of polyamines in dystrophic
mouse muscle at 1.5-8 wk generally similar to those
reported here at 10 wk. In two of three cases of LGD,
muscle Pu and Sd levels were reported by Kremzner
et al. (24) to be higher than in controls; muscle Pu, Sd,
and Sm levels in MMDwere stated to be within the
normal range. Ages of patients and controls, however,
were not given, and it is not clear whether these groups
were age matched. In view of the age dependence of
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polyamines in hamster (Fig. 2) and rat (25), our data on
muscle polyamines in 30-44 yr-old men without
muscle disease and with LGDor MMDcannot readily
be compared with those of Kremzner and co-workers
(24) in subjects of unstated age.
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