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Thyroid hormone analogue SKF L-94901: effects on amino acid and carbohydrate 
metabolism in rat skeletal muscle in vitro 

(Received 8 December 1989; nccepted 10 May 1990) 

An analogue of T, [SKF L-94901 (SKF 901)] has recently 
been developed [l]. SKF 901 induces substantial increases 
in the activity of the hepatic, but not cardiac, mitochondrial 
enzyme cytochrome c 3-phosphoglycerate oxido-reductase 
and decreases plasma levels of both cholesterol and thyroid 
stimulating hormone in hypothyroid rats [l]. SKF 901 has 
equal affinities for receptors in heart and liver. However, 
SKF 901 stimulates liver, but has little effect on cardiac, 
function [ 11. 

Carbohydrate, protein and amino acid metabolism is 
greatly influenced by thyroid hormones in vivo. For 
example, hyperthyroidism causes impaired glucose tol- 
erance in both man and experimental animals [2-71. 
Recently, it has been reported that the sensitivity of gly- 
cogen synthesis to insulin is decreased in incubated soleus 
muscle preparations isolated from hyperthyroid rats [8]. 
Furthermore, hyperthyroidism increases the responsive- 
ness of both the rates of glycolysis and glucose transport to 
insulin [8]. It is not known how Ts affects these processes. 
T3 increases the rate of protein turnover either by increasing 
the rate of protein degradation [9, lo] or decreasing the 
rate of protein synthesis [ll] and this largely occurs in 
skeletal muscle. Therefore, it is important to identify the 
mechanisms employed by Ts to alter metabolic regulatory 
processes in skeletal muscle. 

If SKF 901 has Ts-like effects in skeletal muscle then this 
agent may be utilised to increase the understanding of T3 
action in this tissue. No study has investigated the effects 
of SKF 901 on carbohydrate and amino acid metabolism in 
skeletal muscle. Therefore, such a study was undertaken. 
Rats were administered with either T, or SKF 901 for 5 
days and the efficacy of both agents in vivo was similar 
(based on relative potency values for T3 and SKF 901 [ 11). 
The effects of both agents on the rates of lactate formation, 
glycogen synthesis and glutamine release were studied in 
stripped soleus muscle in vitro. Plasma levels of glucose 
and lactate and the content of glutamine and glycogen in 

gastrocnemius and soleus muscles, respectively, were also 
measured. 

Materials and Methods 

Rats were made hyperthyroid by daily intraperitoneal 
injection of T, (0.65 pg/g body wt) [8]. SKF 901 (3.25 pg/ 
g body wt) was initially dissolved in small volume of alkaline 
Hz0 before dilution to the appropriate concentration with 
sterile 0.9% (w/v) NaCl before intraperitoneal adminis- 
tration of SKF 901 at a similar efficacy as compared with 
T3 (this calculation was based on the relative potency of 
the two agents [l]). The time between the last injection 
and preparation of strips of soleus muscle was 16 hr. Soleus 
muscle strips were prepared from 14 hr fasted male Wistar 
rats (Harlan-Olac, Bicester, U.K.; 160-180 g) as previously 
described [12-141. The tendons of the muscles were ligated 
before attachment to stainless steel clips. Muscle strips 
were pre-incubated in Erlenmeyer flasks containing 3.5 mL 
Krebs-Ringer bicarbonate buffer plus (mM) N-Zhydr- 
oxyethylpiperazine-N’-2-ethanesulphonic acid (7), pH 7.4, 
glucose (5.5), pyruvate (5), 1.5% (w/v) de-fatted bovine 
serum albumin. In one experiment (effects of T, on rates 
of glutamine release from soleus muscle) pyruvate was 
omitted from the pre-incubation buffer and this resulted 
in lower rates of glutamine release. Other unpublished 
experiments (Parry-Billings et al.) have established that 
the omission of pyruvate from the pre-incubation medium 
dramatically reduces the variability of rates of glutamine 
release in control incubated isolated stripped soleus muscles 
but does not alter the magnitude of the effects of agents 
that alter rates of glutamine release. Flasks were sealed 
and aerated continuously with 02: CO* (19 : 1, v/v). After 
pre-incubation of muscles in this medium for 30min, at 
37” in an oscillating water bath, the muscle strips were 
transferred to similar vials containing identical medium 
(except pyruvate was omitted) with added [U-‘4C]glucose 
(0.5 &i/mL) and various concentrations of insulin (see 
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Results). The flasks were sealed, re-gassed for the initial 
15-min period and incubated for 1 hr. The details of the 
incubation procedures have previously been described in 
detail [13, 141. At the end of the incubation period, muscles 
were blotted and rapidly frozen in liquid nitrogen. The 
concentration of lactate in the incubation medium and 
plasma was determined spectrophotometrically [15] and 
[U-L4C]glucose incorporated into glycogen (glycogen syn- 
thesis) was measured [16]. Glycogen content was deter- 
mined as previously described [17]. Plasma glucose and 
glutamine content in plasma, incubation medium and 
gastrocnemius muscle were measured as previously 
described [18]. The gastrocnemius muscle was sampled 
immediately after the rats were killed. This muscle was 
taken because it can be rapidly dissected and so a measure 
of the effect of both agents on in vivo muscle glutamine 
metabolism could be monitored. However, it should be 
noted that the soleus muscle is largely populated with slow 
contracting type I fibres but the gastrocnemius contains 
both type I and type II fibres. 

Results are given as mean 2 SE. The significance of 
differences between means were analysed by the non-paired 
Student’s t-test. 

Results and Discussion 

The effect of insulin on the rates of lactate release and 
glycogen synthesis in the isolated soleus muscle, from con- 
trol and treated animals, are given in Table 1. In control 
muscles insulin (10,000 pUnits/mL) maximally stimulated 
the rates of glycolysis and glycogen synthesis by 43% and 
447%, respectively (Table 1). For muscles removed from 
animals treated with T3 for 5 days, the rates of lactate 
release at all insulin concentrations were markedly 
increased (2-fold). In addition, the responsiveness of gly- 
colysis to insulin was increased about 200%. After 5 davs 
administration of SKF 901, the responsiveness of glycoly&s 
was increased about 40%. Although SKF 901 sianificantlv 
increased the rates of glycolyiis at 10, TOO0 ani 
lO,OOO@~nits of insulin/ml, the magnitude of these 
increases were about 5-fold less than those caused by T3 
administration. 

Administration of T3 caused a significant decrease in the 
rates of glycogen synthesis at all concentrations of insulin. 
In contrast, SKF 901 treatment only caused a decrease in 
the rate of glycogen synthesis at a sub-maximal level of 

insulin (100 yUnits/mL). The concentrations of insulin 
required to give the same response as that observed at 
100 @nits of insulin/ml under the control conditions were 
approximately 490 $_Jnits/mL and 2100 pUnits/mL for 
muscles from SKF 901 and TX-treated muscles respectively. 
This indicates a decrease in the sensitivity of glycogen 
synthesis to insulin which was particularly marked in the 
TS treated animals. This is consistent with the finding that 
the glycogen contents of soleus muscle are significantly 
decreased by both treatments (see Table 2). 

T, administration for 5 days increased the plasma levels 
of both glucose and lactate (Table 2). However, SKF 901 
elevated only the plasma levels of lactate. The rate of 
glutamine release from the incubated soleus muscle was 
increased by T,, but unaffected by SKF 901 treatment. 
Skeletal muscle and plasma glutamine content were 
unchanged by both treatments. 

The results of Underwood and co-workers [l] demon- 
strated that the T, analogue (SKF 901) had much less effect 
on metabolism in the heart than the liver. However, the 
present study demonstrated that administration of SKF 
901 in vivo alters different aspects of insulin-stimulated 
carbohydrate metabolism in skeletal muscle in vitro. Both 
T3 and SKF 901 increased the rates of glucose conversion 
to lactate (glycolysis; see Table 1). However, SKF 901 
is much less effective than T,. If these effects can be 
extrapolated to the in vivo situation, the effect of increased 
rates of lactate formation by skeletal muscle would be to 
stimulate the rate of gluconeogenesis and hence Cori cycle 
activity [19]. Cori cycle activity results in energy expen- 
diture since more ATP is hydrolysed in conversion of 
glucose to lactate (in muscle) than is produced in conversion 
of lactate to glucose (in liver) [20]. Of interest, T3 adminis- 
tration increased the rate of glucose conversion to lactate, 
at all concentrations of insulin, in the isolated soleus muscle 
(about 200%) whereas SKF 901 only increased the rates 
about 40%: such a difference in effectiveness is observed 
for stimulation of oxygen consumption by these two agents 
in the intact animal 111. It is tempting to speculate that an 
increase in the Cori‘cycle activity may play an important 
role in increasing energy exuenditure caused bv T, and SKF 
901 and that thiscould-ixpiain, at least in part: the increase 
in the rates of glycolysis in muscle. 

Glutamine is the most abundant amino acid in the body. 
It has the highest concentration in the plasma, and accounts 

Table 1. Effects of Tri-iodothyronine (T,) and SKF 901 administration to rats on the rates of 
lactate formation and glycogen synthesis in stripped soleus muscle in the presence of various 

concentrations of insulin 

Insulin concentration 
(pUnits/mL) 

10 
100 

1000 
10,000 

Rates of glycolysis (pmol/hr/g wet wt) 

Control SKF 901 TS 

8.81 * 0.47 10.24 2 0.46* 18.30 2 1.15t 
12.71 f 0.49 13.29 2 0.66 25.97 ? 1.63t 
12.46 f 0.70 14.79 + 0.71* 26.01 l?r 1.77t 
12.63 ? 0.50 15.48 ? 0.35’ 25.68 f 0.257 

Rates of glycogen synthesis (pmol/hr/g wet wt) 

10 1.17 2 0.08 1.23 ‘- 0.14 0.81 * 0.07* 
100 3.95 2 0.43 2.46 + 0.14* 2.65 + 0.25* 

1000 5.21 ? 0.25 5.06 + 0.41 3.76 2 0.22t 
10,000 6.41 f 0.29 5.58 ? 0.47 4.44 * 0.24t 

Rats were treated with either drug for 5 days. 
Values are presented as means +- SE for five separate incubations. 
The statistical significance of the difference from control values is denoted by * P < 0.05 and 

t P < 0.001. 
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Table 2. Effects of tri-iodothyronine (Ts) and SKF 901 administration for 5 days on the plasma 
concentrations of glucose, glutamine and lactate, rates of glutamine release from incubated soleus 

muscle and glutamine and glycogen content in muscle 

Measurement Control 

Plasma glucose (mM) 
Plasma glutamine (mM) 
Plasma lactate (mM) 
Soleus glycogen 

content (pmol/g) 
Soleus glutamine 

release (pmol/min/g) 
Gastroc. glutamine 

content (~mol/g) 

4.71 2 0.14 (16) 
1.06 2 0.05 (8) 
1.09 2 0.08 (9) 

26.5 2 0.6 (4) 
53.3 2 4.6 (17) 
28.1 f 1.8 (32) 
4.09 2 0.2 (8)’ 
3.37 2 0.8 (14) 

SKF 901 7-3 

4.16 + 0.21 (5) 5.61 2 0.29 (ll)* 
0.92 * 0.06 (8) 0.85 ” 0.03 (9)* 
1.75 + 0.22 (5)* 1.94 ? 0.24 (ll)* 

22.8 f 1.0 (5) 23.2 + 1.2 (5)* 
52.1 f 5.7 (16) 

47.1 “_ 3.0 (16)* 
3.88 2 0.2 (8) 

3.03 * 0.1 (11) 

for more than 50% of the intracellular free amino acid 
content in skeletal muscle. It is suggested that the nitrogen 
and some of the carbon from branch chain amino acids 
(rather than degradation of protein) is used to synthesise 
glutamine in muscle. T3 administration was without effect 
on gastrocnemius glutamine content, but significantly 
increased the rates of glutamine release from the stripped 
soleus muscle in oitro (Table 2). Hyperthyroidism in man 
greatly alters whole body protein metabolism and sig- 
nificantly increases glutamine efflux from leg muscle ill]. 
T,, but not SKF 901, affected glutamine metabolism in 
skeletal muscle whereas both agents modulated glucose 
metabolism, therefore, it might be speculated that T3 
employs different mechanisms to regulate carbohydrate 
and amino acid metabolism in muscle. Since SKF 901 affects 
carbohydrate metabolism, but not amino acid metabolism, 
then this thyroid hormone analogue may be of value as a 
novel experimental agent to elucidate the mechanisms by 
which T, regulates the activities of the glucose transporter, 
key enzymes of glycolysis and glycogen synthase in skeletal 
muscle. 

In summary, hyperthyroidism increased the rate of gly- 
colysis and decreased glycogen synthesis in isolated incu- 
bated rat soleus muscle preparations. SKF 901 also 
increased glycolysis, but the stimulation was 5-fold less than 
in Ts-treated muscles. Hyperthyroidism increased the rate 
of glutamine release from skeletal muscle, but SKF 901 did 
not affect glutamine metabolism. 
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Doxorubicin-3’-NH-oestrone-17-oxime-ethyl-carbonyl, a doxorubicin-oestrone 
conjugate that does not redox cycle in rat liver microsomes 

(Received IS March 1990; accepted IS May IWO) 

Doxorubicin (Adriamycin@) is a broad spectrum anti- 
tumour agent commonly used in the treatment of advanced 
cancers, either as a single agent or in combination chemo- 
therapy. Unfortunately, a dose-limiting factor in the clinical 
use of doxorubicin is cardiotoxicity [I]. an event that is 
suggested to be associated with doxorubicin free radical 
formation [2]. Various approaches have been adopted to 
decrease this cardiotoxicity through the use of vehicles and 
formulations predicted to minimize drug uptake and/or 
damage to heart tissue. These include the use of doxorub- 
icin-entrapped cardiolipin liposomes [3], doxorubicin-N- 
(hydroxypropyl)methylacrylamide copolymers [4] and 
doxorubicin-iron chelates [5]. An alternative strategy for 
minimizing doxorubicin-mediated cardiotoxicity is to target 
this agent to specific tumours. Doxorubicin is one of the 
preferred treatments for progressive metastatic breast 
cancer, a tumour type that is sensitive to oestrogen therapy 
[6]. With this in mind, we have developed a doxorubicin-3’. 
NH-oestrone-17-oxime-ethyl-carbonyl (Dox-Oes: Fig. la) 
covalent adduct with the aim of targeting doxorubicin (Fig. 
lb) to oestrogen receptor positive breast cancer cells. We 
report here the lack of free radical generation and redox 
cycling by this conjugate. 

Materials and Methods 

Drugs and chemicals. Dox-Oes was prepared by reacting 
the 3’-amino group of doxorubicin with the carboxyl group 
of 17-carboxyalkyloxime-oestrone 171. Biochemicals and 
reagents were purchased from either the Sigma Chemical 
Co. (Poole, Dorset, U.K.) or Boehringer Mannheim 
(Lewes, Sussex, U.K.). Bio-Rad protein assay reagent was 
purchased from Bio-Rad laboratories (D-8000 Miinchen. 
F.R.G.). 

Electron spin resonance (esr) studies. ESR studies were 
carried out using a Varian El09 X-band spectrophotometer 
at a microwave frequency of 9.5 GHz at ambient tem- 
perature. The 1-mL anaerobic incubation mixtures con- 
sisted of 250mM drug, 4 mM NADPH and rat liver 
microsomal protein (typically 6 mg) prepared as described 
by [8] in 200 mM phosphate buffer (pH 7.4) containing 5%’ 
Tween 20. 

NADPH utilization. This was done as described pre- 
viously [9]. The reaction mixture at 37” consisted of SO btM 
drug, 0.1 mM NADPH, 7.5 mM nicotinamide (to inhibit 
NADPH degradation), 90 ,ug microsomal protein and 

huffer (10OmM sodium phosphate/225 mM KCI, 5% 
Tween 20, pH 7.4). Basal rate NADPH oxidation was 
determined under identical conditions but without drug. 

Superoxide anion formation. Superoxide anion formation 
was measured at 37” by two methods as previously described 
[9]. (i) Reduction of acetylated cytochrome c. The 1-mL 
incubation mixture consisted of 1 mM NADPH, 0.07 mM 
acetylated cytochrome c, 19pg microsomal protein and 
50 b&M drug in buffer (50 mM Tris/lSO mM KCI, 5% Tween 
20. pH 7.4). (ii) Oxidation of adrenaline to adrenochrome. 
The 1-mL incubation mixture consisted of 1 mM NADPH, 
2 mM adrenaline bitartrate, 70 pg microsomal protein and 
50 PM drug all in buffer (SO mM Tris/lSO mM KCI, 1 mM 
EDTA, 5% Tween 20, pH 7.4). Basal rate superoxide 
anion formation in liver microsomes was determined as 
described above without addition of drugs. 

Results and Discussion 

Table 1 shows that doxorubicin stimulated basal rate 
NADPH oxidation 3-fold and superoxide anion generation 
2-fold in rat liver microsomes. This tissue fraction is a rich 
source of cytochrome P-450 reductase, an enzyme known 
to participate in the activation of doxorubicin. The results 
are consistent with a doxorubicin redox cycle that results 
in reactive oxygen generation at the expense of cellular 
reducing equivalents as has been previously described 
[2. IO]. Detection of metabolically generated doxorubicin 
free radicals in the absence of oxygen (Fig. 2a) further 
supports this since under these conditions NADPH reduces 
doxoruhicin to a semiquinone (free radical) which is detect- 
able by esr. The asymmetry of the doxorubicin spectrum is 
consistent with previous results [ll] and is suggested to 
bc a consequence of immobilization of the doxorubicin 
semiquinone generated in a microsomal environment. In 
contrast, Table I shows that Dox-Oes does not redox 
cycle. as indicated by no stimulation of basal rate NADPH 
oxidation or superoxide anion generation in the presence 
of this conjugate. In support of this, Dox-Oes does not 
generate an esr-detectable free radical intermediate (Fig. 
2h). Furthermore, Dox-Oes actually inhibits doxorubicin 
free radical formation (Fig. 2~). The concentrations of 
doxorubicin, Dox-Oes and microsomal protein used for the 
csr studies was considerably greater than that used for 
measuring the redox activity of these compounds (see 
Materials and Methods). This was to ensure that a doxorub- 


