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OBJECTIVE — To test whether a thyroxyl-insulin analog with restricted access to receptor
sites in peripheral tissues displays relative hepatoselectivity in humans.
RESEARCH DESIGN AND METHODS — Five normal human subjects received a subcutaneous bolus injection of either NB1 L-thyroxyl-insulin (B1-T4-Ins) or NPH insulin in random order. Insulin kinetics, relative effects on hepatic glucose production, and peripheral
glucose uptake were studied using euglycemic clamp and stable isotope [D-6,6-2H2]glucose)
dilution techniques. Blood samples were taken for the determination of total immunoreactive
insulin/analog concentrations and for liquid chromatography to assess the protein binding of
the analog in the circulation.
RESULTS — After subcutaneous administration, B1-T4-Ins was well tolerated and rapidly
absorbed. The analog had a long serum half-life and was highly protein bound (86%). Its
duration of action, as judged by the duration of infusion of exogenous glucose to maintain
euglycemia, was similar to that of NPH insulin. The effect of the analogs on hepatic glucose
production was similar to that of NPH insulin, indicating equivalent hepatic potency. The analog demonstrated less effect on peripheral glucose uptake than NPH insulin (P = 0.025), had
no effect on metabolic clearance rate of glucose, and exhibited a reduced capacity to inhibit
lipolysis (P  0.05).
CONCLUSIONS — When injected subcutaneously into normal human subjects, B1-T4-Ins
is well tolerated, quickly absorbed, and highly protein bound, resulting in a long plasma halflife. This analog appears to have a hepatoselective action, and, therefore, has the potential to
provide more physiological insulin action than the insulin preparations currently used.
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ost patients with type 1 diabetes
continue to be treated by means of
multiple daily boluses of subcutaneous insulin. These conventional regimens do not mimic normal insulin

M

physiology. Patients are unable to achieve
sustained normoglycemia and are prone to
develop hypoglycemia.
The normal pancreas delivers insulin
into the hepatic portal vein. Therefore, the

From the Department of Diabetes (F.S.-M., J.K.P., M.W.S., P.H.S., R.H.J.), Endocrinology and Internal Medicine, Guy’s, King’s and St. Thomas’ School of Medicine, King’s College London, St. Thomas’ Hospital, London, U.K.; and the Deutsches Wollforschungsinstitut (E.S., A.S., D.B.), Aachen, Germany.
Address correspondence and reprint requests to F. Shojaee-Moradie, PhD, GKT School of Medicine,
Department of Diabetes, Endocrinology and Internal Medicine, 4th Floor, N. Wing, St. Thomas’ Hospital,
Lambeth Palace Road, London, SE1 7EH, U.K.
Received for publication 2 November 1999 and accepted in revised form 17 March 2000.
D.B. and R.H.J. have received research support from the Institute for Pharmaceutical Discovery, and
F.S.-M.’s salary is funded by the Special Trustee’s of St. Thomas’ Hospital, London.
Abbreviations: AUC, area under the curve; AUCRa, area under the curve calculated for glucose Ra; AUCRd,
area under the curve calculated for glucose Rd; B1-T4-Ins, NBL-thyroxyl-insulin; CV, coefficient of variation;
FPLC, fast protein liquid chromatography; GINF, exogenous glucose infusion; IRI, immunoreactive insulin;
MCR, metabolic clearance rate; NEFA, nonesterified free fatty acid; Ra, glucose production; Rd, glucose disposal; RIA, radioimmunoassay; TBG, thyroxine binding protein; THBP, thyroid hormone binding protein;
TSH, thyroid-stimulating hormone.
A table elsewhere in this issue shows conventional and Système International (SI) units and conversion
factors for many substances.

1124

liver is subject to a relatively high concentration of insulin of which it extracts up to
60%, depending on the prevailing circumstances (1). With subcutaneous insulin
delivery in patients with type 1 diabetes,
the portal/peripheral insulin gradient is lost
and the liver is relatively underinsulinized.
There is relative peripheral hyperinsulinemia and whole-body insulin resistance
(2–4). Patients treated this way, even those
who manage to achieve near-normoglycemia, continue to exhibit a variety of
metabolic abnormalities including excessive glycemic fluctuations, dyslipidemia,
and a reduction in plasma IGF-1 with elevated plasma levels of growth hormone.
These persistent metabolic derangements
have been implicated in the etiology of the
long-term micro- and macrovascular complications of diabetes (5) and may be
improved by intraperitoneal pump insulin
delivery, where the majority of insulin is
delivered into the portal circulation (6).
Therefore, there are good theoretical
reasons why portal insulin delivery rather
than peripheral insulin delivery may be
desirable. Currently, insulin can be delivered into the portal vein only by intraperitoneal insulin pumps (6), by pancreatic
transplantation with enteric drainage, or
by islet cell transplantation (7,8). At present, these methods all have significant
drawbacks that preclude their use as treatment for the vast majority of patients with
type 1 diabetes.
Another potential solution to this problem is the development of an insulin analog
that has a greater effect on the liver than the
periphery. Previous studies with insulin
analogs have led us to suggest that the
molecular size of covalent insulin dimers
and proinsulin could influence access of
these substances to peripheral tissues when
compared with insulin (9,10). In contrast,
the open sinusoids in the liver allow free
access of all plasma constituents to the
hepatocyte cell surface (11). We propose
that exploitation of the peripheral capillary
endothelial barrier can allow the design of
insulin analogs that have the potential to
restore the physiological balance of insulin
action even when peripherally administered
(12). We describe here the first administration of such an analog in humans. We
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report its kinetics and potential hepatoselectivity in nondiabetic subjects.
RESEARCH DESIGN AND
METHODS
Material
We have designed and synthesized an
insulin-like protein consisting of insulin
covalently linked to thyroxine: NB1 L-thyroxyl-insulin (B1-T4-Ins). This analog has
the capacity to bind both to the insulin
receptor and, via the thyroxyl moiety, to
thyroid hormone binding proteins (THBPs)
(i.e., thyroxine binding protein [TBG],
transthyretin, and human serum albumin),
present in plasma. The size of the bound
complex (i.e., THBP-bound B1-T4-Ins)
may confer relative hepatoselectivity compared with insulin by inhibiting access to
peripheral tissues but not to the more
exposed hepatocytes. B1-T4-Ins was synthesized as reported previously (12) and
the lyophilized powder reconstituted
(0.688 nmol/l) at Guy’s, King’s and St.
Thomas’ Hospitals’ Pharmacy under aseptic conditions in NaHCO3 (1.5% wt/vol) as
an isotonic solution for injection.
Subjects
The subjects were 5 healthy men 31.6 ± 7.2
years of age with BMI 25.4 ± 3.3 recruited
from the staff of Guy’s, King’s and St.
Thomas’ Hospitals or King’s College London. None of the subjects were taking regular medication or had any medical
condition likely to interfere with the study.
Experimental protocol
We examined the effects of a subcutaneous
bolus injection of B1-T4-Ins in comparison
with NPH insulin. Insulin kinetics and their
relative effects on hepatic glucose production
(Ra) and glucose disposal (Rd) were studied
using euglycemic clamp and stable isotope
([D-6,6-2H2]glucose) dilution techniques
(13). The ethics committee of the West Lambeth Health Authority approved the protocols, and all of the subjects gave informed
written consent.
The subjects were admitted to the metabolic ward at 7:00 A.M. after an overnight
fast. They were studied in a supine position
and allowed only water to drink for the
duration of the study. After a baseline blood
sample for glucose isotope ratio measurement, a primed (170 mg) constant infusion
(1.7 mg/min) of [D-6,6-2H2]glucose (Mass
Trace, Somerville, MA) was administered for
17.5 h or less if the exogenous glucose

requirements had returned to 0 (13). The
subjects were studied twice, receiving either
NPH insulin or B1-T4-Ins in randomized
order with an interval of 2 weeks’ washout
period between each treatment. The [D-6,62H ]glucose infusion was allowed to equili2
brate over 2 h followed by steady-state
baseline blood sampling every 10 min for
another 30 min. Subjects were then given a
subcutaneous bolus injection of either NPH
insulin (2.06 nmol/kg [0.3 U/kg]) or B1-T4Ins 3.44 nmol/kg) at 2.5 h into a D-[6,62 H ]glucose infusion to the anterior
2
abdominal wall.
After the bolus injection of the insulin
or analog, blood samples were drawn at 15min intervals for glucose determination and
a variable infusion of dextrose (20%) was
administered to maintain blood glucose at
the basal concentration of each subject. The
protocol was limited to a maximum of 15 h.
Dextrose (20%) was premixed with D-[6,62H ]glucose (4 mg [D-6,6-2H ]glucose/g of
2
2
dextrose) to prevent a fall in tracer enrichment and consequent errors in glucose
turnover calculations that otherwise occur
(13,14). The study was terminated when
the exogenous glucose requirements
returned to 0 or at 15 h after the insulin
administration, whichever was shorter.
Four samples were collected for basal
measurements of insulin, C-peptide, and
glucose concentrations and for glucose
enrichment. A sample was also taken for
basal measurements of IGF-I, glucagon,
thyroid hormones, thyroid-stimulating
hormone (TSH), and nonesterified free
fatty acid (NEFA). After administration of
NPH insulin or B1-T4-Ins, samples were
taken every 30 min for the determination
of insulin or analog, C-peptide, and glucose concentrations and for glucose
enrichment. Samples were taken every 3 h
for the measurement of NEFA and
glucagon and every 5 h for the measurement of IGF-I, free T4, free T3, and TSH
concentrations. A sample was also taken
after 24 h (after breakfast) for the determination of insulin or analog and thyroid
hormones concentrations.
Serum samples also were taken at 0, 3,
8, and 24 h for fast protein liquid chromatography (FPLC) analysis. Serum and
plasma samples were separated immediately and stored at 20oC until assayed.

double-antibody radioimmunoassay (RIA)
as previously described (15). The withinassay coefficients of variation (CVs) were 7,
7, and 6%, respectively. Thyroxyl-insulin
analog concentrations (IRI) in serum samples and in the FPLC fractions were determined by a double-antibody RIA with
some modifications as previously described
(CV 8%) (12). Glucagon concentrations in
plasma samples were measured by RIA
using a commercially available kit from
Linco Research (St. Louis, MO).
Glucose concentrations in the plasma
samples were determined by a glucose oxidase method using a Clandon Scientific
Glucose Analyzer (Yellow Springs Instruments, Yellow Springs, OH).
NEFA concentrations in serum samples were determined using a commercially
available kit from Wako Chemicals (Neuss,
Germany).
Glucose isotopic enrichment was determined by gas chromatography mass spectrometry on a VG Trio-2 5890 (VG
Micromas, Manchester, U.K.) using selected
ion monitoring of a glucose penta-acetate
derivative (16). The ions monitored were of
molecular mass 242 and 244 representing
[M–C5O5H8] and the corresponding fragment enriched with 2 deuterium atoms,
respectively. The within-assay CV was 2%.
To determine the status of B1-T4-Ins
(bound or free) in the serum samples, samples were subjected to FPLC separation as
previously described (12).

Analytical procedures
Immunoreactive insulin (IRI) and IGF-I
concentrations in serum samples and
C-peptide in plasma were determined by

Statistical analysis
Measurements of glucose MCR, Rd, Ra, and
exogenous glucose infusion (GINF)
achieved after the NPH insulin and the ana-
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Calculations
Ra and Rd at all points were calculated using
the 2-compartment model proposed by
Mari (17), which was modified for the inclusion of [D-6,6-2H2]glucose in the dextrose
infusion. Before the calculation of glucose
turnover, plasma glucose concentrations and
glucose enrichment time courses were
smoothed using the Optimal Segments
Technique Analysis (18). Calculation of
glucose metabolic clearance rate (MCR)
(ml  min1  kg1) is model independent
(glucose tracer infusion rate/glucose tracer
concentration).
For each experiment, the mass reduction in endogenous glucose appearance
(AUCRa) and mass increase in glucose
uptake (AUCRd) were calculated from the
Ra and Rd time course values, respectively.
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log injections were converted to areas under
the curves separately for each patient at
each visit. The mean difference between
treatments, corrected for the order of
administration, was estimated using multiple regression. Repeated measurement per
patient was allowed for by the robust variance estimator (19,20). The statistical significance of changes occurring during the
NPH insulin and the analog injections were
determined by 2-way analysis of variance.
The significance of differences between 2
means was tested using Fisher’s leastsquares method with Number Cruncher
Statistical System software (Hintze,
Kaysville, UT) and Stata software (Stata,
College Station, TX).
Descriptive data are expressed as mean
value with 95% CI where appropriate, and
P values 0.05 were considered statistically significant.
RESULTS
Tolerability
B1-T4-Ins was extremely well tolerated.
None of the subjects suffered any significant side effects.
After a bolus injection of B1-T4-Ins,
the total IRI/analog concentration in serum
increased from a basal value of 0.08 nmol/l
(95% CI, 0.06–1.01) to 0.97 nmol/l
(0.61–1.33) and 4.02 nmol/l (2.84–5.20)
at 30 min and 6 h, respectively (P  0.01).
These elevated IRI concentrations persisted
throughout the study (Fig. 1A).
After a bolus injection of NPH insulin,
the serum IRI concentration increased from
a basal value of 0.06 nmol/l (0.03 and 0.09)
to 0.07 nmol/l (0.02 and 0.09) and 0.15
nmol/l (0.1 and 0.2) at 30 min and 6 h,
respectively (P  0.01).
The increase in IRI/analog concentrations from basal level with B1-T4-Ins (0.89
nmol/l [1.22–0.76]) was significantly different from that of NPH insulin (0.014
nmol/l [0.01 and 0.03]).
IRI concentrations postbreakfast at 24 h
after B1-T4-Ins were 4.18 nmol/l (3.31 and
5.05), significantly higher than those after
NPH insulin (0.24 nmol/l [0.02 and 0.48])
(P  0.05).
C-peptide concentrations did not
change from the basal level of 0.44 nmol/l
(0.38 and 0.50) during the study with B1T4-Ins, but fell significantly from its basal
levels of 0.40 nmol/l (0.28 and 0.54) to
0.30 nmol/l (0.27 and 0.33) toward the
end of the study with NPH insulin (11 h, P
 0.05) (Fig. 1B).
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Figure 1—Immunoreactive serum insulin or total analog concentrations (A), C-peptide concentrations
(B), and NEFA concentrations (C) after a subcutaneous injection of NPH insulin () and B1-T4-Ins
() during clamp studies, (n = 5). Values are means ± SEM.

IRI, after injection of NPH insulin,
eluted at 15–20 ml, corresponding to the
native H-Ins peak (i.e., 12,000 Da).
Immunoreactive analog, after injection of
B1-T4-Ins (at times 3, 8, and 24 h), eluted
mostly (86, 86, and 86%) between 5 and
15 ml, corresponding to the high molecular weight IRI (i.e., bound form 60,000
Da). The remaining IRI in the sample
eluted between 15 and 20 ml (i.e., free
form 12,000 Da).
After the B1-T4-Ins injection at 6 h, the
total concentration of B1-T4-Ins was 4.02

nmol/l (i.e., a free concentration of 0.56
nmol/l, which is 3.8 times higher than
that after the NPH insulin injection).
Fasting plasma glucose concentration
was 5.3 mmol/l (5.0 and 5.6) and euglycemia was maintained during the clamp
(glucose concentration of 5.2 mmol/l [4.5
and 5.9]).
The mass of glucose required to maintain euglycemia throughout each experiment was calculated from the record of the
glucose infusion rates (area under curve
[AUC] GINF). AUC GINF to maintain
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NPH insulin (1.03 ml/kg [0.41 and 1.65]),
was significantly different from the AUC for
glucose MCR after the B1-T4-Ins injection
(0.15 ml/kg [0 and 1.95], P = 0.002).
NEFA concentrations were suppressed significantly from basal levels
(0.69 µmol/l [0.56 and 0.82]) with both
B1-T4-Ins and NPH insulin at 3 h to 0.46
µmol/l (0.36 and 0.56) and 0.15 µmol/l
(0.07 and 0.22), respectively. The reduction of NEFA concentrations, after the
administration of NPH insulin, was
greater at every time point than after the
B1-T4-Ins administration (P  0.05) (Fig.
1C). Concentrations of IGF-I, glucagon,
TSH, free T3, and free T4 did not change
during either of the protocols.

Figure 2—Exogenous glucose infusion rates (A), Rd (B), and Ra (C) achieved during euglycemic clamp
studies after a subcutaneous injection of NPH insulin (thick line; ) and B1-T4-Ins (thin line; ), (n = 5).
Values are means ± SEM.

euglycemia after injection of NPH insulin
(10.73 mmol/kg [5.77 and 15.69]) was
significantly greater than the AUC calculated after the injection of B1-T4-Ins (4.04
mmol/kg [1.73 and 6.35]) (P = 0.027) (Fig.
2A). The duration of action for B1-T4-Ins
(672 min [579 and 765]) was not different
from that of NPH insulin (765 min [631
and 899]). The starting times for exogenous glucose infusion for B1-T4-Ins and
NPH insulin were also similar 45 min (28
and 62) compared with 67 min (19 and
115), respectively.
The glucose AUCRa values, after injection of either NPH insulin (5.63 mmol/kg
[–7.3 and 3.96]) or B1-T4-Ins (3.32

mmol/kg [–5.89 and 0.75]), were not different (Fig. 2C), suggesting there were similar effects on the liver at the dose used.
Glucose disposal rates significantly
increased from basal level 11.07 µmol 
kg1  min1 (8.64 and 13.50) after NPH
insulin injection (P = 0.01) but not after
B1-T4-Ins. AUCRd, after the injection of
NPH insulin (4.95 mmol/kg [1.17 and
8.73]) was greater than that of AUCRd after
the B1-T4-Ins injection (0.49 mmol/kg
[–0.97 and 1.95], P = 0.025) (Fig. 2B).
Glucose MCR significantly increased
from basal levels after NPH insulin injection (P = 0.01) but not after B1-T4-Ins. The
AUC for glucose MCR, after the injection of
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CONCLUSIONS — This study reports
the first administration of a covalently
linked thyroxyl-insulin analog to human
subjects. We have shown that B1-T4-Ins is
well tolerated, well absorbed after subcutaneous administration, has a long duration of action, and appears to confer
hepatoselectivity when compared with
NPH insulin.
Through in vitro and in vivo experiments, we have demonstrated that B1-T4Ins binds to plasma THBPs (12,21). We
have also demonstrated that in the absence
of THBPs, B1-T4-Ins binds to isolated rat
liver plasma membranes with the same
affinity as native insulin (21). However, in
the presence of THBPs, the binding affinity
of the analog was reduced compared with
insulin, suggesting that the receptor binding site on the insulin moiety may be partially obscured by the binding protein.
These data are supported by our previous
results from hyperinsulinemic-euglycemic
clamp studies in normal dogs (12) in which
the MCR of B1-T4-Ins was lower than that
of human insulin and was further reduced
by the infusion of human TBG. In studies
performed in humans, recent experiments
with the acylated insulin analogs (NN304)
and [N  -palmitoyl Lys (B29)] human
insulin, which bind to albumin in the circulation, also exhibit higher concentrations
compared with NPH insulin when administered subcutaneously (22,23).
The design of insulin analogs, which
can specifically target the liver after subcutaneous injection, is a novel therapeutic
approach to mimic the actions of insulin
secreted directly into the hepatic portal circulation. Here we have demonstrated that
although B1-T4-Ins and NPH insulin have
similar effects on the liver (inhibition of Ra),
1127
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the peripheral effects of B1-T4-Ins on glucose metabolism (i.e., Rd, MCR) and the
effect on NEFA concentrations are significantly reduced compared with the effects of
NPH insulin. These data are supported by
our previous results from clamp studies in
dogs (12), in which a relatively hepatoselective profile of action of the thyroxyl-insulin
analogs was apparent in comparison with
human insulin after intravenous administration. These findings further support the
hypothesis that insulin-like moieties bound
to plasma proteins may be prevented by the
endothelial barrier from reaching receptor
sites on cells of peripheral tissues.
Data obtained from infusion studies in
normal dogs with NN304 are in agreement
with this conclusion (24), again suggesting
that transport across the peripheral capillary endothelial barrier is a rate-limiting
step for insulin action when the hormone is
protein bound. Our data show a change in
the relationship over time between plasma
analog concentrations and glucose infusion
rates. Particularly striking is the persistence
of a high level of immunoreactive but
apparently biologically inactive analog at
24 h (i.e., 10 h after the end of glucose
infusion). TBG has a very high affinity for
B1-T4-Ins in vivo, and it is likely that the
sustained high levels represent TBG-bound
B1-T4-Ins; this result is supported by the
FPLC data. Furthermore, the fact that total
serum B1-T4-Ins remains high for longer
period of time than the effect on glucose
metabolism supports the suggestion that
the bound fraction is protected from receptor-mediated degradation, at least in part by
this effect. Therefore, it is likely that the
duration of action of such an analog will in
part be determined by its affinity for the relevant binding proteins and by their capacity. Data obtained from studies in diabetic
dogs after a subcutaneous injection of
[N-palmitoyl Lys (B29)] human insulin
(3.15 nmol/kg) compared with intermediate-acting insulin suspension Humulin L
(1.8 nmol/kg) also exhibited a higher analog concentration and extended timeaction profile compared with Humulin L
(25).
The time-action profiles of both NPH
insulin and B1-T4-Ins were similar and
were characterized by a tendency toward
steadily increasing effects for 6 h after the
injection followed by a progressive decline.
It can be argued that hypoglycemia
may be less severe in the absence of overstimulation of glucose disposal (i.e., if
induced primarily by a reduction in Ra).
1128

Counterregulatory responses to hypoglycemia act by counteracting the effects of
insulin on Ra. Normoglycemia may possibly be restored and maintained more effectively by any given counterregulatory
response if and when glucose utilization by
muscle and adipose tissue is not in a state
of insulin overstimulation.
Although in these experiments no
change in TSH was observed, in studies
using rats rendered hypothyroid by treatment with polythiouracil for 1 week (26),
B1-T4-Ins administration by intraperitoneal
injection was associated with a dose-dependent suppression of TSH concentration
(F.S.-M., unpublished data). The B1-T4-Ins
analog was chosen as the first example of the
group to synthesize in sufficient quantity for
human studies because T4 has a high affinity for THBPs and was therefore most likely
to provide proof of concept. Other analogs of
thyroxine (e.g., rT3-Ins [21]) exhibit altered
THBP-binding characteristics associated with
an absence of thyroid hormonal action. Linkage of these groups with insulin will lead to
a new generation of insulin analogs, some of
which may have potential for clinical use in
diabetes. The primary use of these analogues
is likely to be in type 1 diabetic patients as in
type 2 diabetic patients treated by diet
and/or tablets the insulin supply is endogenous and therefore its delivery remains intrahepatic. However, there is evidence that
significant hepatic insulin resistance is a feature of type 2 diabetes exacerbating peripheral hyperinsulinemia with undesirable
metabolic consequences (27). For this reason, it is possible that hepatoselective insulin
analogs may also offer advantages in the
treatment of type 2 diabetes.
We have shown that the administration of the insulin analog B1-T4-Ins to
normal human subjects is safe and well
tolerated. The analog is quickly absorbed
from a subcutaneous site and results in
high serum insulin concentration, the
majority of which is protein bound. The
analog has a long duration of action and
similar efficacy to NPH insulin in inhibiting Ra but has a much reduced effect in
the periphery. Therefore, B1-T4-Ins
appears to be exhibiting hepatoselectivity.
This principle is worthy of exploitation in
an effort to produce hepatoselective
insulin preparations for therapeutic use
with a range of durations of action. Such
analogs would overcome the metabolic
abnormalities that result from current
inadequacies of peripherally administered
conventional insulins.
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