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Insulin and didecanoyl-L-a-phosphatidylcholine: in vitro study 
of the transport through rabbit nasal mucosal tissue 

Kq wo&s: Ussing chamber; Insulin: Didccanoyl-L-cu-phosphatidylcholine; Nasal administration; 
Absorption; Rabbit 

Summary 

Transport over rabbit nasai mucos;d tissue of insulin and the absorption enhancer didecanctyl-I.-tu-phosphatidylcholiiie (DDPC) 

from an aqueous nasal insulin preparation were studied in vitro using the Ussing chamber. The appearance of insulin at the serosnl 

side is expressed as % of the initial insulin concentration (X mg/ml) at the mucosal side. Mean appearance rate was 0.67 + 0.53C;r 

h-‘. equivalent to an apparent penetration coefficient CP,,,,) of 0.37 x ION-” 
/ 

cm/y. Corrected for possible degradation and/al 

adsorption at the serosal side the value is 0.9 I t 0.7Wic h Cq,,,,, = 0.50 x IO " cm/s). Addition of 70 mg DDPC/ml increaxd 

the insulin concentration a factor of only 1.3-1.5. indicating that the Ussing chamber method may not always he able to identify 

penetration enhancera. The concentrations of insulin and DDPC at the mucosal side between S and YO min were relatively 

constant. the average recovery being about XSr/i. No transport of DDPC through the nasal tissue. using an initial mucosal 

concentration of 70 mg/ml, was observed. The sensitivity of the whole system was ?W pg cm-.’ he ‘. or 1.7? h ‘. f’,t,,i, is 

therefore Itwcr than 0.03 h’ IO ’ cm/b. The sensitivity of the system ix limited hy ~iis~ppe~r~lnce of DDPC at the serosal side, 

Introduction 

At present there is a great interest in alterna- 
tive routes for administration of peptides and 
proteins. One of these is the nasal route, how- 
ever, in order to achieve the satisfactory absorp- 

tion of peptides with a molecular mass greater 
than about 1000 Da (McMartin et al., 19X7), 
coadministration of an absorption enhancer may 
be necessary. Great effort has been put into 
investigation of the absorption ~nhal~cing effect 
of various enhancers with different peptides and 
proteins. Possible local and systemic toxicity is 
related, however, to the use of enhancers. It has 
been shown that some enhancers, e.g., bile salts 
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and non-ionic surfactants, disrupt the integrity of 
the membrane (Hirai et al., 1981). Other en- 
hanccrs, such as sodium tauro-24,25-dihydro- 



fusidate ISTDHF). some bile salts, polyoxycthy- 
Icnc O-lauryl ether (Laureth-‘1) and I -tu-lyso- 
phosphaticlylc~i(~lin~. decrease or stop the ciliary 
beat frequency in vitro (Gizurarstm et al., IWO: 
Hcmwm et al., IWO). The other safety aspect 
rclntcd to possible systemic effects oxertcd by the 
cnhnnccr is. for example. dependent on the 
amount absorbed. 

I>iducnnoyl-I,-tu-phosphatidyl~holine (DDPC) is 
:I well known phospholipid and ;I natural calf- 
stitucnt of rn~l~lrn~li~~n cells. Plt~~spht)lipid~ arc 
also ~~~~t~~r~~lly occurring ~~~rnponcIits in foods 01 
vegetable and animal origin. The daily coral intake 
of phosphatidylcholincs is about 10 mg/kg body 
weight (Wcihrauch anct Son, 19X3). of which 
DDPC is estimated to account for X-30 pg/kg 
body weight (provided that fats from other ani- 
mals have the same composition as cow milk). 
The strum phospholipid concentration is about 
l--3 mgjml (Petersen. 1950). No data on the 
concentration of DDPC‘ in serum hitve bcon rc- 
ported. 

Even though DDPC. as rn~nti~~ne~i above. is an 
cnrlogcnous ~~~nlpt)nent and a natural ~~)n~tituelit 
of food, it is important to know to what degree 
DDPC is absorbed. since a relatively high con- 
centration of DDPC at the application site is not 
physiological. 

Numerous enzymes in mammalian tissues have 
been reported to be capable of hydrolysing phos- 
phatidylcholincs and re-esterification may take 
place to form phospholipids with other moleculwr 
moieties (Ansell and Spanner. 1982). These con- 
ditions as well as the low plasma ~~~n~~I~tr~fti~)n of 
DDPC ~~)nlpli~~te an in vivo study of the absorp- 
tion of DDPC. Thcrcfore. the transport of DDPC 
as well as of insulin through the rabbit nasal 
mucosal tissue has been studied in vitro using the 
Ussing chamber technique described by Bech- 
gaard et al. (1992). 

The objective of this study was to investigate 
the absorption of DDPC and insulin. DDPC is a 
potent absorption enhancer for insulin when ad- 
ministered intranasally to rabbits (Hansen et al., 
198X), and tcstcd in clinical trials (Drejer et al., 
109Ot. A further goal of this inv~stig~~tion was to 
examine local effects of the f(~rrnul~~ti(~n by per- 
forming ele~tr~)physiolo~i~~I measurements. 

Materials and ~l~~h~ds 

Zinc-f‘rce humnn insulin. DDP(‘ and insulin 
concentrate containing (per ml) insulin ( IO mg 
4 400 IU), DDPC (40 mg). cholaterol (3 me). 
fractionated coconut oil (8 mg), glycerol (32 mg). 
sodium phosphate ( IO mM) and bicarbonate 
Ringcr solution were provided by Nova Nordit\k 
(Bapsv;~erd. Denmark). The hicarbonatc Ringct- 
solution tGRf consisted of HPOI ( I.0 mM). 
H,PO,- (0.3 mM), Mg’ ( 1.2 mM). Cl ( 12 
mM), C:I” (1.2 mM). K’ (5 mMf, HC03 (75 
mM), Nai (141 mM) and I)-( + )-glucose ( 1.3 mM): 
these chemicals except glucose (May cYL Baker. 
Dagcnham, U.K.) wcrc of analytical grade and 
wcrc obtained from Merck (Darmstadt, Gcr- 
many). Ravine strum albumin (BSA). RIA grade 
was purchased from Sigma Chemical (‘0. (St. 
Louis. MO. U.S.A.) and dissolved in GR (i 
mg/ml). .5 yC’i/ml ‘lC’-labelled polycthylcnu gly- 
ct>l 4000 (PEG-40001 is commercially avail~tble 
from New England Nuclear (Du Pant. 13ostc)n. 
MA. U.S.A.). C’arhogcn (95’; 0,/S’; CO,) wa\ 
supplied by Dansk lit & Brint ihbrik A/< (&II- 
la-up, Denmark). Scintillation cocktail (Pico- 
aqua) was obtained from Packard Instruments 
BV (Groningen, The Netherlands). 

The acrylic Ussing chamber with acccssorics. 
Hitachi HPLC equipment for insulin analysis and 
scintillation counter were the same as described 
previously (Bechgaard ct al.. I SC). A Hitachi 
HPLC’ system for analysis of DDPC’ consisted 01 
an L-6200 Intelligent pump. an L-3000 variabtc 
wavelength UV detector and a Rheodyne !’ 7125 
injection valve (Berkeley, (‘A.. U.S.A.). cquippcd 
with a 2.0 ml loop. The column was a 4 x 250 mm 
LiChrosorb ” RP-IX (5 pm) and the guard col- 
umn was II LiChroCART ” 3-4 from Merck 
(Darmstadt, Germany). Centrifuge Labofuge ” A 
from Heraeus Scpctcch GmbH (Am Kalkhcrg. 
Germany). 

DDPC was analyzed according to an HPLC 
method modified from that described by Aage 



Hvass, Novo Nordisk (Bagsvaerd, Denmark). The 
samples (50 ~1) were pretreated with 50 ~1 2-pro- 
pan01 and centrifuged for 15 min at 4000 rpm to 
precipitate the ~~lburnin. 

The mobile phase consisted of 50% w/w 2- 
propanol, 0.265% w/w ammonium sulphate and 
0.145%, w/w orthophosphoric acid. Other condi- 
tions were: detection. at 214 nm; flow rate. 05 
mI/min; column temperature, 50°C; injection vol- 
ume, 50 ,LLI. The retention time was about 14 min. 
Sample concentration was calculated on the basis 
of peak height reIative to extcrnat DDPC stand- 
ards (100 and 30 pg/mI in 0.3% w/v albumin- 
GR-solution (GRAIL The detection limit was 
about 20 pg/mI original sample and the preci- 
sion about 10%. 

Insulin was analyzed by the method described 
earlier (Bechgaard et al., 1992). 

The study was performed in the Ussing cham- 
ber, without membrane. thermostated at 37°C 
and supplied with carbogen. 2 ml GRA contain- 
ing 40 pg insulin/ml and 100 pg DDPC/ml was 
added to the chamber. At different times, sam- 
ples for DDPC and insulin analysis were col- 
lected (SO and 25 ~1, respectively). 

The tissue preparation and Ussing chamber 
set up were as described previously (Bechgaard et 
al., 1992). The tissue was preincubated for 60 min 
for stabilisation. GR and GRA were added to the 
mucosal and serosal side, respectively. In this 
period and during the penetration study the 
transepithelial potential difference (PD) and the 
short-circuit current (I,,) were measured. After 
preincubation 500 ~1 GR was replaced with in- 
sulin concentrate, resulting in a final concentra- 
tion of 8 mg insulin/ml and 20 mg DDPC/mI at 
the mucosal side. At different times during a 90 
min period, samples for analysis of insulin and 
DDPC were withdrawn, 25 ~1 and SO ~1, respec- 
tively. Samples from both mucosai and serosal 
side were collected. The sample volumes were 
replaced. 

To determine the possible rate of disappear- 
ance of DDPC and insulin from the serosal side, 
100 tc.g DDPC and 40 ,ug insulin were added to 
the serosal side immediately after the 90 min 
absorption study. Samples of 50 and 25 ~1 were 
withdrawn three times during a 31 min period for 
DDPC and insulin analysis, respectively. After 
the disappearance study, the tissue integrity was 
assessed with PEG-4000 as described by Bech- 
gaard et al. ( 1992). 

The concentration of insulin and DDPC dur- 
ing the penetration study was corrected for dilu- 
tion using the followirlg equation: 

e= 

where Q is the total amount of insulin or DDPC, 
< denotes the sample volume, v( is the chamber 
volume and C, Z ___ ,1 represents the concentr~~tion 
of sample I,$ .‘.‘. , A. 

The apparent permeability coefficient (P;,,,) 
was calculated using the following equation: 

where XZ and Vz are the concentration and vol- 
ume at the serosal side, respectively, and X, 
denotes the concentration at the mucosal side. A 

is the surface area of the exposed nasal mucosal 
tissue and T represents the time. 

The rate of appearance is equal to cy x 60 
mm/h, where cy is the slope of the regression 
line (see below). 

The theoretical values are calculated by carry- 
ing out linear regression on the measured values 
from 15 to 8.5 min. The theoretical value (after 90 
min penetration study) is then equal to: 

a x t - 0.1 x CY x t,,, + 5%. 

where the term -0.1 X N X tsl stems from the 
correction for the displaced vofume (100 ~1) at 
the beginning of the disappearance study. 



The correction for degradation and/or ad- 

sorption is calculated from the following equa- 
tion: 

100 h( 1 
Corr.( S/h) = ( B - c’) 

l/2( A + H) x 1,, ~ f,, 

where A and B are theoretical values at 90 and 

121 min, respectively. (’ represents the measured 
value at 121 min, and t;, and t,, arc the times 
corresponding to A and B. respectively. 

Results and Discussion 

In general, peptidcs and phospholipids are very 
prone to adsorb to surfaces. Instability (e.g., oxi- 
dation) of phospholipids in the chamber is also 
possible. The disappearance of insulin and DDPC 
is most critical at the serosal side, whcrc the 
concentration may be very low. Therefore. the 
study was performed at a concentration corrc- 
sponding to the absorption of 0.5% of the mu- 
cosal concentration. 0.3% BSA was added to the 
chamber fluid to reduce adsorption and to dis- 
solve DDPC. 

During a 90 min period the decrease in insulin 
concentration was only about 10% (Table 1). Since 
the fall was initial, the disappearance of insulin is 
believed to be due to adsorption only. In contrast 
to insulin, DDPC shows a rapid initial fall fol- 
lowed by a slower. gradual decrease (Table 1 and 
Fig. 1). The change in the rate of disappearance 
is expected to be due to different processes. The 
initial fall may result from both adsorption and 
instability, whereas the subsequent slower de- 
crease of about 30% h-’ (30 pug DDPC/h) is 
more likely due to instability. After 90 min. it was 
only possible to recover less than 20% of the 
initial amount of DDPC. 

Table 2 lists data on the appearance of insulin 
(5%~) at the serosal side relative to the initial 
concentration at the mucosal side. The mean rate 
of appearance is 0.67 rt_ 0.53% h- ‘. The same 
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value. corrected for possible degradation and/or- 
adsorption (Corr.) at the scrosal side, is 0.01 + 
0.79%~ h ‘. The observed pcnctration of 0.67 OI- 
().9l?c I1 ’ is equivalent to an apparent penctra- 
tion coefficient (&,,,) of 0.37 X IO ” and 0.50 ?( 

IO ” cm/s, respectively. 
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-___.._. 
Expt. Srrosal sidr (rrcovery ‘kr at min) Appearance rate 

I,ff, 
_~ 

15 is 5.5 70 X5 Oh 1Oh 121 % /h (forr.) h 
____..-._ 

I 0.04 ct.12 0.31 0.3’~ O.JX 5.70 4.8X 5.61 0.3Y 0.42 

II 0.04 0.05 0.00 0.13 0. I7 5.7’) 4.55 .i.?Y 0.1 I 0. I I 

111 0.01 0.71 0.3’~ O..sY 0.76 5.Y6 5.YX h. IO 0.62 O.h5 

IV 0.2 I 0.00 I.71 ‘.x2 2.13 h.06 5.89 h.YY 1.90 2.71 

V 0.1 I 0.1’) 0.34 0.57 0.w 4.7X 3x3 4x3 il.52 0.73 

VI 0.00 0.0x 0.73 0.37 0.40 450 4.50 3.f1.1 0.3 I 0.5x 
VII ,/ 0.37 O.bl 0.X’) I.01 4.w 3.75 5.00 0.6X 0.07 

Vi11 0.07 (1.1’) l1.4h 0.71 0.X7 4.60 43) 4.70 0.70 I .07 

Mean 0.07 0.3 0.52 0.75 0.X.3 5.24 -1.5’) 5.30 0.67 0.9 I 

S.D. 0.07 0.3 0.50 0.0x 0.02. 0.64 0.62 0.8 I 0.53 0.7’) 
_ ~_. 

“ Not me;~surcd. 

” ~li~ill~in~ the col-rrction for ~~~r~l~~ition and/or ~i~s~~rption. 

Insulin apprarance is exprtxccl in %r of the initial mw.xx~tl concentration (X mgjml) at different times (min) during the 

cupcrimcnt. At 00 min 5”;~ indin is added to the scr~s:~l side to estimate the corrrction lor degradation. 

The mean rate of appearance of insulin with- 
out enhancer was found to bc 0.44 rt 0.34% h-- ’ 
(0.73 i_ 0.4255, h _I, Corr.) by Bechgaard et al. 
(1992). Therefore, the addition of 2% DDPC 
apparently increases the penetration by a factor 
of 1.3-1.5. only. However, this is not significant 
taking the experimental variation into account. 
Carstens ct al. (1992) found that 0.5’?/c DDPC 
increased the penetration of insulin in vitro by a 
factor of 3. The pcnctration of insulin without 
DDPC’ was even higher than that determined in 
the present paper by a factor of 2. Possible rea- 
sons for this discrepancy may be that the above- 
mentioned authors used “‘I-insulin, mcasurcd 
unspecific radi~~~~ctivity, and only corrected for 
degradation fragments of molecular mass below 
about 11)OO Da. In addition, they used a 14 OOO- 
fold lower mucosal concentration, which is rcla- 
tivcly more dcgr~tdablc as the peptidases may not 
have been saturated (Gizurarson and Bcchgaard, 
1Wl). 

Despite the low rate of appearance of insulin 
at the sorosal side, the mucosal c~)ncentr~ltion 
dropped about 20% (Table 3) within 5 min, and 
was relative stable thereafter. Since the adsorp- 
tion study only demonstrated a 10% initial fall in 
insulin concentration and since this decrease was 
from a much more diluted solution, the results 

were surprising. The presence of tissue may be 
the reason for the greater dccrcasc. Since the 
decrease is only initial, it is not expected to be 
due to enzymatic degradation. Gizurarson and 
Bcchgaard (1091) have also shown in vitro that 
the enzymatic degradation of insulin is relatively 

Expt. <4 insulin recovered C; DDK rrcovered 

no. after tmin) after fmin) 

5 ‘5 4.5 90 IO 31) 65 90 

I 62 7.3 Xh x2 06 75 7’) 88 

II Y6 Y5 00 X6 80 X3 HO Y2 

III 77 7s 69 74 73 77 76 X0 

IV 75 7Y i1 7’) Xh Y4 99 IO1 

V x3 xv Y2 X7 Y3 YO xx X0 

VI 76 X6 x7 xx x7 YY X4 Y4 

Vlf 7’) Y I 91 93 Y3 107 LO3 120 

VIII 71 NO 7’) 7’) 70 73 74 83 

Meen 7X X4 x5 x4 XI X7 X5 YZ 

S.D. IO X x 6 IO II! II 13 

“ Lost sampic. 

Recovery is expressed as % of the initial concentration (8 mg 

insulin/ml and 20 mg DDPC/ml) in the chamber. 



small at high concentration. The absence of BSA 
at the mucosal side in order to prevent adsorp- 
tion to the chamber could represent another cx- 
planation. 

The appearance of DDPC at the serosal side 
was below the dctcction limit of about 20 pg/ml. 
equivalent to less than O.lY of the concentration 
at the mucosal side. At the mucosal side the 
extent of the dccreasc in concentration only 
amounted to about 15% (Table 3). The disap- 
pearance study showed a 50% fall in DDPC 
concentration at the scrosal side after 30 min. 
equivalent to 100 pg/h (Fig. I); the dccrcasc 
appears to be linear with rcspcct to time. As 
instability of DDPC in the chamber may account 
for about 30 pg/h. approx. 70 pg/h may un- 

dergo degradation by enzymes from the 0.5 cm’ 
surface arca of serosal tissue (I40 pg DDPC h ’ 
cm ‘). 

A rate of transport above I20 pg DDPC/h 
(disappearance + detection limit) is thcreforc dc- 
tectable. 120 pg DDPC/h is equivalent to O.h? 
of the initial concentration at the mucosal side. 
As the surface area amounted to 0.5 cm’. the 
transport of DDPC was less than 230 pg h ’ 
cm ’ or 1.2%‘/h (PI,, lower than 0.33 X IO ’ 
cm/s). 

After preincubation the electrical propertics of 
the tissues showed some intervariation. The 
short-circuit current (I,,) was 71 k 35 PA/cm’ 
and the transepithelial potential difference (PD) 
was 2.5 + 0.7 mV (scrosal side positive rclativc to 
the mucosal side). 

The PD was about 50% lower than that rc- 
ported in our previous work (Bechgaard et al.. 

1992). however, I,, was of the same magnitude. 
The only difference in the study design was the 
concentration of BSA (0.1 vs 0.3% w/v). 

Bechgaard et al. (1992) have shown that rabbit 
nasal mucosal tissue can remain viable for more 
than 12 h in the Ussing chamber under the given 
circumstances. Addition of 2%, DDPC to the 
mucosal side resulted in I,, and PD falling to 
zero within less than IS min. This drop may 
indicate a local effect on the tissue cells, nevcr- 
thcless, it is difficult to predict whether this could 

occur in vivo, where the l’ormulation i.4 diluted 
due to mucosal secretion, and where the ticsuc 
‘repair’ proccsscs are m~rmal. At 0. I and 0.5( i 
DDPC this effect on the clcctrical propcrticx i\ 
reversible (C‘arstcns ct al., 1992). Similar I-csults 
obtained for other cnhanccrs (Whcatlcy ct al.. 
IOXX: Gizurarson ct al.. IWO) have dcmonstratcd 
that an insulin preparation containing 20 mg 
DDP(‘/ml has no significant influence on the 
mucociliary transport rate in vitro. 
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