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ABSTRACT 

Background/aims: In clinical studies PEG 300-700 permeability is much higher than 

expected from its molecular weight range, when compared to Cr-EDTA or lactulose. 

This has been attributed to the higher lipophilicity of PEG, or to its linear shape 

compared to the other probe molecules. Which of these factors is the most important is 

still a matter of controversy. In the present study we compared the permeability of 

PEG to its more lipophilic analogue PPG in cat small intestine. Methods: The lumen to 

tissue transport of PEG (MW range 282 - 678) and PPG (MW range 250 - 656) was 

studied in in vivo perfused jejunum of anaesthetised cats using two different isotonic 

perfusion solutions containing NaCl + glucose or Choline-Cl + glucose. The transport 

of water was monitored and the absorption rate of HPLC-detected probes was 

calculated by their disappearance from the perfusate. Results: The clearance of PPG 

was higher than that of PEG irrespective of the MW. The clearance of both PEG and 

PPG was significantly enhanced by water absorption in the NaCl-containing 

perfusates. The effect of water absorption on PEG clearance decreased with increasing 

probe MW with nearly constant low lipophilicity, the effect on PPG clearance was 

constant at increased MW's which have a higher lipophilicity. Conclusions: Analysis 

of these results shows that the lipophilicity of PEG accounts for only 2 % of its 

clearance at MW 300, and for < 0.5 % at MW 600. PEG 300 will have a larger 

distribution-volume in the body due to its faster diffusion through cell membranes, 

which may lead to an incomplete urinary recovery. The effect of water absorption on 

PEG-clearance is mainly due to solvent drag, whereas water absorption increases 

PPG-clearance predominantly by solute concentration. 
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INTRODUCTION 

The use of low molecular weight pölyethyleneglycol mixtures (PEG with MW 300 to 

700) as probe molecules for intestinal permeability was introduced by Chadwick et 

al.1'2 in 1977. Since then the urinary recovery of PEG after oral or intraluminal 

application has extensively been studied in various intestinal disorders, including 

Crohn's disease, coeliac sprue and ulcerative colitis ' . 

Comparison of different studies of PEG permeability in Crohn's disease showed 

varying results: Some authors report a decrease in PEG permeability as compared to 

controls 5"8, or no change9'10, others report an increased PEG permeation, measured 

either after an oral dose w or during intraluminal application in gut segments 12"14. A 

decreased PEG permeability is more consistently reported ' " in coeliac disease 

which is in keeping with the well-documented decrease of mannitol permeability in 

this disease 3'4. These findings raised a controversy, namely how to explain that PEG 

400 has similar permeability characteristics as mannitol, a molecule with a much 

lower molecular weight (MW 182), and that PEG 400 permeability is about 100-fold 

higher than that of lactulose or Cr-EDTA, both with a MW of 340. 

The discussion about the unusual behaviour of PEG has been focused on two items: 

i) The contribution of the lipophilicity of PEG to its intestinal permeability l5'1819. 

Although the lipophilicity of PEG is low, given its small distribution coefficient in 

petroleum ether/water or octanol/water mixtures, it is still a factor 1,000 higher than 

the distribution coefficients of mannitol, lactulose or Cr-EDTA. 

ii) The linear shape of PEG molecules compared to the other probes 2 ' . This has 

been put forward to explain that PEG behaves as a smaller molecule than expected 

from its molecular weight and thus can permeate through small aqueous pores in the 

intestine. Consequently the permeation of PEG is influenced by intestinal water 

absorption in a similar way as permeation of smaller, more globular molecules. 

As a new approach to get more insight into the importance of the lipophilicity of PEG 

for its intestinal permeation, we compared the permeability of PEG (MW range 300 to 

700) to that of another mixture of linear polymeric molecules, namely polypropylene-

glycols (PPG, MW range 300 to 700), having octanol/water distribution coefficients 

about 1,000 times larger than those of corresponding PEG's. In addition we studied 

the effect of water absorption upon the permeability of PEG and PPG, and compared it 

to the effect of water absorption upon the permeability of mannitol and Cr-EDTA, as 

non-lipophilic probes. The study was performed in in vivo perfused segments of 

jejunum (with intact blood supply) in anesthetised cats. 
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METHODS 

The experiments were performed on female cats (European Shorthair) aged 6 to 12 

months, weighing 2.5 to 3 kg. Anaesthesia was induced by intramuscular injection of 

Ketamine (15mg/kg) and Rompun (0.5mg/kg), and maintained by Chloralose (i.V., 

50mg/kg). The animals were deprived of food from 15 hours before the experiments, 

but had free access to water. 

Animal preparation. After cannulation of the trachea to assure a free airway and after 

midline laparotomy, 4 jejunal intestinal segments (length 7-13 cm), beginning about 

10 cm distal from the ligament of Treitz, were isolated with intact vascular supply. 

The spleen and the greater omentum were extirpated and all nerves surrounding the 

superior mesenteric artery were cut to avoid a varying autonomous nervous influence 

in the intestine during the experiments. Arterial blood pressure was recorded via a 

catheter in the femoral artery connected to a pressure transducer (system PPT-3000, 

Peter von Berg Medizintechnik GmbH, Eglharting, Germany) operating on a 

polygraph (constructed at the Dept. of Physiol., Univ. of Göteborg, Sweden) and a 

Servogor 120 writer. Via a T-tube the catheter was connected to a cannula for 

continuous infusion of a solution containing 278 mM glucose and 100 mM Na-

bicarbonate at a rate of 0.1 ml min"1. This served to keep the catheter open and to 

maintain a normal acid-base balance during the experiments 22. Intravenous injections 

were given through a catheter in the femoral vein. The temperature of the cats was 

kept at 38 °C using a thermocouple thermometer in the mouth operating on a heating 

pad under the animal. All animals were given atropine (i.V., 0.25mg/kg) to minimize 

intestinal motility. 

The ends of each intestinal segment were connected to a recirculating system of 

polyethylene tubes connected to a peristaltic pump (Gilson Minipulse 2, Villiers-le-

Bel, France) and to an open cylindric reservoir with the inflow at the top and outflow 

at the bottom of the cylinder. The inflow opening was always placed 1-2 cm below the 

distal end of the segment. The fluid leaving the reservoir was brought to body 

temperature before entering the segment. The segments were carefully placed on the 

abdomen and kept moistened and at body temperature by a cover of thin plastic and 

gauze soaked in saline. One of the volume reservoirs, i.e. the one containing the 

Krebs-glucose solution (see below) was placed on a force transducer (Statham F03) 

allowing the continuous recording of the fluid volume in the reservoir. Provided there 
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was no motility, the absorption or secretion in that segment could be monitored as a 

slow decrease or increase of the volume of the perfusate. 

Experimental procedures. Each intestinal segment was perfused for 4 hours at a rate of 

1 ml min"1 with one of the solutions described below. The perfusates chosen for more 

proximally or distally located segments were randomized between the experiments. 

After 1, 2 and 3 hours of perfusion 200 ul of a IM glucose solution was added to the 

reservoir containing the Krebs glucose perfusate. After 4 hours the different 

circulating systems were simultaneously disconnected and the tubes and segments 

were emptied by air pumped through the system by the polystaltic pump. The 4 

perfusion systems were then washed (1ml min"1) with 10 ml of either choline-

mannitol or Krebs-mannitol solutions containing lmg ml"1 of acetylcystein. The last 

remaining volumes of perfusate in the system were emptied by air and by gentle 

pressure on the segments. At the end of the experiment the length, the weight and the 

serosal surface area of each segment were determined. 

Measurements of transport rates. PEG (282 -722), PPG (250 -656), 51Cr-EDTA and 
14C-mannitol were used to measure the passive transport from the intestinal lumen into 

the tissue. The transport rate was determined as clearance from the luminal perfusate 

of the probes per minute and per g intestine and calculated from the formula: 

Clearance = ((Ci x Vi) - (Cf x Vf) - (Cw x Vw)). ((0.5(Ci + Cf)). t . W)"1 

(in ul (g x min) "') 

where C is the probe concentration of the initial (i), of the final (f) and of the wash (w) 

solution and V the volume of the same solutions, t the time in minutes and W the 

segment weight in gram. 

Detection of PEG and PPG. PEG or PPG in the perfusion fluid was determined by 

direct injection HPLC 23, which gives better recoveries than the methods with analysis 

after chloroform extraction 4. 

Individual standard curves were obtained for the PEG fractions from Mw 282 up to 

Mw 722, in the range of total PEG concentrations from 1.0 to 5.0 g/1, obtained by 

mixing of equal amounts by weight of PEG 400 and PEG 600 (Merck, Darmstadt, 

Germany). Standard curves in the same concentration range were prepared for PPG in 

water with PPG 425 (Aldrich, Bornem, Belgium). Quantification was by area. 
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After filtration through a 0.22 urn pore size filter, 20 ul of the filtrate was injected in 

the chromatographic system, which consisted of a PROMIS autosampler (Spark 

Holland, Emmen, The Netherlands), two Spectroflow 400 HPLC pumps (Kratos 

Analytical, Ramsey, New Jersey, USA), an ERC-7510 refractive index detector (Erma, 

Tokyo, Japan) and a Gynkosoft controller and data system (Gynkotek; Germering, 

Germany). Individual PEG peaks were separated on a 100 x 3.0 mm Chromspher-C 18 

5 um column (Chrompack, Middelburg, The Netherlands) using an isocraticmobile 

phase consisting of 27% methanol in 0.02 mol/1 phosphate buffer pH 6.0 for PEG. For 

accurate determination of the low Mw peaks 14.5% methanol in buffer was used and 

for the higher Mw peaks 36% methanol in buffer. For the PPG determination of the 

most abundant peaks 53% methanol in 0.02 mol/1 phosphate buffer pH 6.0 was used, 

for the low Mw peaks 36% methanol in buffer and for the high Mw peaks 66% 

methanol in the buffer. Here a 100 x 3.0 mm Chromspher-C8 5 um column was used. 

The flow rate was always 1.0 ml/min. All determinations were done in triplicate. 

Determination of octanol/water partition coefficients of PEG and PPG. PEG 400 (1.5 

g/1) + PEG 600 (1.5 g/1), or PPG 425 (3 g/1) were dissolved in water, and equal 

amounts (by volume) of octanol and water were vigorously shaken for 2 hours in a 

Heidolph Reax 2 rotational shaker (Lameris, Breukelen, The Netherlands). The 

mixtures were centrifugated for 15 minutes at 1500 g, and PEG or PPG content of the 

water before and after the octanol exposure were measured as described above. 

Test solution composition. Segments were perfused with modified Krebs-Henseleit 

solutions containing (in mM): Na+ 147.0; K+ 4.7; Mg2+ 1.2; Ca2+ 2.5; Cl" 132.0; HC03" 

25.0; H2P04 1.2 (= Krebs solution), or with their sodium-free analogs in which Na+ 

was replaced by Choline+ (= Choline solution). Krebs- and Choline-solutions 

contained 30 mM glucose + ImM mannitol (= Krebs-Glucose and Choline-Glucose). 

The test solutions contained either a mix of PEG 400 (1.5 g/1) + PEG 600 (1.5 g/1), or 

PPG 425 (3 g/1). The osmolality of the solutions ranged between 305 and 315 

mOsmol/kg. 

Statistics. Significances were determined by linear correlation using Graph-Pad 

software. The level of significance was 0.05 (two- or one-tailed, when appropriate, as 

indicated in text). 
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RESULTS 

In Fig. 1 the clearances of all probes from the test solutions were plotted against the 

corresponding water absorption from these test solutions (negative signs indicate 

water secretion). PEG and PPG data represent single values from Choline-Glucose and 

Krebs-Glucose test solutions. Water absorption from Choline-Glucose solutions 

ranged from -0.83 to 2.25 ul/g.min, water absorption from Krebs-Glucose solutions 

ranged from 6.74 to 15.96 ul/g.min. For comparison clearance values for mannitol and 

Cr-EDTA are also shown in the figure. These values are taken from the study by 

Bijlsma et al25 and were obtained with an identical methodology as in the present 

study, partly in the same animals. 
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Fig. 1. Plot of the clearances of PEG 282 - 722 and PPG 250 - 656 from Choline-Glucose and Krebs-

Glucose test solutions against the corresponding water absorption from these test solutions (negative 

signs indicate water secretion). PEG and PPG data represent single values, mannitol and Cr-EDTA 

clearances are mean values ± s.e.m. (n=8) from Choline-Mannitol, Choline-Glucose, Krebs-Mannitol, 

and Krebs-Glucose solutions, with mean water absorption values ranging from -0.51 to 12.92 

ul/g.min. (A more detailed analysis of mannitol and Cr-EDTA clearances is given in chapter 3). 

Clearances of all PPG's (MW 250 - 656) showed a significant (r = 0.91 to 0.95, p < 

0.05 to 0.02) positive correlation to water absorption. The slopes of all PPG curves 

were almost identical, and ranged from 1.18 to 1.32. Also the clearances of PEG's 326 
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to 678 were positively correlated to water absorption (r = 0.93 to 0.99, p < 0.05 to 

0.001), and values for PEG 282 and 722, which appeared to be just above detection 

limits, were close to significance (r = 0.86 and 0.80, p < 0.07 and < 0.10). Slopes of 

PEG curves varied from 0.12 to 0.83, and showed a gradual increase with decreasing 

MW. Mannitol clearance also significantly correlated positively to water absorption (r 

= 0.99, p < 0.002). In contrast, there was no positive correlation between the clearance 

of Cr-EDTA and water absorption25 (r - 0.05, p = 0.47, all p-values one-tailed). 

In order to make a more detailed comparison of the permeability of PEG and PPG, the 

values of their clearance at a net water absorption of 0 ul/g.min (Jw= 0) and of 10 

ul/g.min (Jw= 10) were taken from the correlation curves in Fig. 1. The clearance 

values of PEG and PPG at Jw= 0 were expressed as a function of MW in Fig. 2A. The 

slope of a linear fit was significantly different from zero for both PPG and PEG (PPG: 

r = 0.78, p < 0.02, and PEG: r = 0.79, p < 0.004 (p-values two-tailed)). 

i — ' — i ' r 
200 300 400 500 600 700 

molecular weight of PEG or PPG 
800 

Fig. 2 A. Plot of the clearance values of PEG and PPG at a net water absorption of 0 ul/g.min (values 

obtained from the correlation curves in Fig. 1) against their MW. The slopes of the regression lines 

for both PPG and PEG were significantly different from 0 (PPG: r = 0.78, p < 0.02, y = 12.962 (± 

0.779) - 0.0049 (± 0.0016) x, and PEG: r = 0.79, p < 0.004, y = 9.707 (± 1.648) - 0.0124 (± 0.0003) x 

(p-values two-tailed)). 

The regression lines from fig. 2A served to calculate the clearances of PEG and PPG 

with normalized MW's of 300 and 600 (Table 1, discussion). These clearance values 
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were used for analysis of the influence of the lipophilicity of PEG upon its intestinal 

permeability. -

To demonstrate the effect of water absorption we plotted the change in the clearances 

of PEG and PPG from Jw= 0 to Jw= 10 against their MW (Fig. 2B). Water absorption 

induced an increase in PPG-clearance irrespective of the MW of PPG (r = 0.55, p < 

0.16). In contrast, the increase in clearance of PEG was significantly smaller at higher 

MW: r = 0.96, p < 0.0001 (two-tailed). 
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Fig. 2B. Plot of the increments in clearances of PEG and PPG induced by a change in net water 

absorption from 0 ul/g.min to 10 ul/g.min (values obtained from the correlation curves in Fig. 1) 

against their MW. The water absorption-induced increase in the clearance of PPG was not 

significantly related to the MW of PPG (r = 0.55, p < 0.16, y = 11.67 (± 0.55) + 0.0019 (± 0.0012) x). 

The increase in clearance of PEG was significantly related to its MW (r = 0.96, p < 0.0001, y = 11.45 

(± 0.69) - 0.014 (± 0.001) x (p-values two-tailed)). 

The octanol/water partition coefficients of PEG's and PPG's are shown in Fig. 3, as a 

function of MW. Partition coefficients of PPG ranged from 0.81 for PPG 308 to 25.70 

for PPG 656, and could be described by the exponential function: 0.04849 * 10 000422 

MW (r = o.995 p < 0.0001 on log-transformed data (two-tailed)). Partition coefficients 

for PEG ranged from 0.059 to values under our detection limit of 0.010. Partition 

coefficients of PEG showed no measurable correlation to MW (r = 0.24, p = 0.50, 

two-tailed). The mean value of the PEG partition coefficients was 0.022 ± 0.007 (± 

s.e.m). 
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Fig. 3. Plot of the octanol/water partition coefficients of PEG's and PPG's against their MW. Partition 
coefficients of PPG follow an exponential function (r = 0.99, p < 0.0001 on log-transformed data 
(two-tailed)). Partition coefficients for PEG ranged from 0.059 to values under our detection limit of 
0.010, and showed no measurable correlation to Mw (r = 0.24, p = 0.50, two-tailed). 

The exponential curve fit of PPG partition coefficients and the mean value of PEG 

partition coefficients were used to calculate partition coefficients of PEG and PPG 

with normalized MW's of 300 and 600, which are shown in Table 1 in the discussion. 

These partition coefficients were used for analysis of the influence of the lipophilicity 

of PEG upon its intestinal permeability. 

DISCUSSION 

The role of the lipophilicity of PEG's in their intestinal absorption 

In 1969 Lieb and Stein26 have shown that the permeability (P) of non-electrolytes 

through biological membranes follows P = P0.K.Mref
sm, where P0 is a constant 

characteristic for the membrane, K is the partition coefficient between the membrane 

phase and the external aqueous bathing phase, Mrei is the molecular weight of the 

permeant relative to methanol and sm is the differential mass selectivity coefficient 

characteristic for the membrane. In Table 1 we have used the octanol/water partition 

coefficients of PEG and PPG (Fig. 3) to obtain partition coefficients of PEG and PPG 
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at MW's of "300" and "600". Moreover, we used the clearance values of PEG and PPG 

at zero net water absorption (Fig. 2A) to obtain values for PPEG and PpPG at MW's 

"300" and "600". 

PEG 300 PEG 600 PPG 300 PPG 600 

Clearance 

(|al/g.min) 

Partition 

coefficient 

6.11 2.51 11.46 9.96 

0.022 0.022 0.895 16.507 

Table 1. Estimated clearance values and octanol/water partition coefficients of PEG and PPG for 
normalized molecular weights of 300 and 600. Clearance values were calculated from Fig. 2A, 
octanol/water partition coefficients were calculated from Fig.3. 

If, for simplicity, we first assume that the clearance of PPG is entirely taking place by 

passage through the hydrophobic membrane, then the ratio of PEG/PPG permeability 

through the membrane at similar MW's will be equal to KPEG /KPPG. For a MW of 300 

this implies that the PEG/PPG permeability ratio = 0.025, so the PEG 300 

permeability through the membrane is 2.5 % of the PPG 300 permeability. This gives 

an expected PEG 300 permeability through the membrane phase of 0.29 ul/g.min, 

which is only 4.7 % of the PEG 300 clearance in Table 1. For a MW of 600 the same 

assumption leads to a PEG/PPG permeability ratio of 0.0013. So the PEG 600 

permeability through the membrane is 0.13 % of the PPG 600 permeability, giving an 

expected PEG 600 permeability through the membrane phase of 0.013 ul/g.min, which 

is only 0.5 % of the PEG 600 clearance in Table 1. 

Therefore, assuming that PPG only passes via the membrane phase leads to the 

conclusion that more than 95 % of the PEG 300-clearance and more than 99 % of the 

PEG 600-clearance takes place through aqueous pores. However, the assumption that 

PPG permeation is exclusively taking place through the membrane phase may be 

incorrect: As permeation through aqueous pores is independent of K, a more realistic 

assumption will be that the permeation of PPG through aqueous pores equals that of 

PEG of a similar MW. Then the total clearance (C) will be: C = Cp + P0.K.Mref
sm , 

where Cp is the clearance through aqueous pores and P0.K.Mrei"
srn is a constant (c) at 

equal MW's. 
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For PEG 300 and PPG 300 this gives c = 6.128 and Cp = 5.975, so for PEG 300 the 

clearance through aqueous pores is 97.8 % and through the membrane phase is 2.2 % 

of its total clearance. For PPG 300 these values are respectively 52.1 % and 47.9 %. 

For PEG 600 and PPG 600 the same assumption gives c = 0.452 and Cp = 2.500, so 

for PEG 600 the clearance through aqueous pores is 99.6 % and through the 

membrane phase is 0.4 % of its total clearance. For PPG 600 these values are 

respectively 25.1 % and 74.9 %. 

Considering that both Hollander et al.27 and Philipsen et al.28 reported a decrease of 

PEG octanol/water partitioning coefficients with increasing molecular weight, we are 

aware that our detection method concerning PEG was not as sensitive as their 

methods, where PEG was measured in the octanol phase. Both reports show partition 

coefficients for PEG 300 comparable to our value (± 0.022), and about 7 times lower 

values for PEG 600 (± 0.003). Using these values c = 0.451 and Cp = 2.509, so for 

PEG 600 the clearance through aqueous pores will be 99.95 % and through the 

membrane phase will be 0.05 % of its total clearance. For PPG "600" the values will 

be respectively 25.2 % and 74.8 %. 

In summary, the contribution of PEG permeation through the membrane phase will 

only be a few % of the total intestinal clearance for lower molecular weights, and it 

will be negligible for higher molecular weights. This is in agreement with the 

negligible permeation of PEG 900 into the aqueous inner compartment of brush border 

membrane vesicles of rabbit small intestine, as reported by Ma et al.21. 

The effect of the lipophilicity ofPEG's upon their distribution volume 

The clearance values and octanol/water partition coefficients of PPG 300 and 600 also 

allow for an estimate of sm, the differential mass selectivity coefficient characteristic 

for the intestinal mucosal membrane. For the calculation of sm, the equation of Lieb 

and Stein is rewritten as: log P = log K - sm. log Mrei + log P0 , where log Po is a 

constant (C). Again we can assume two conditions: i) that the clearance of PPG is 

entirely taking place through the hydrophobic membrane; ii) that the clearance of PPG 

through aqueous pores is similar to that of PEG (with membrane permeabilities of 

PPG 300 and PPG 600 of resp. 5.48 and 7.46 ul/g.min). 

Assumption i) gives C = 5.3913 and sm = 4.41. To make a comparison to log Po -

values from Lieb and Stein, clearance units (in ul/g.min) must be expressed in cm/sec. 

As lg = 4.125 cm2, the conversion factor isl/247500, giving a value of log Po 

(cm/sec) = 0.002. Likewise, assumption ii) gives C = 4.4418, sm = 3.76 and log P0 
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(cm/sec) = - 0.9518. The values for both sm and log P0 are comparable to the values 

measured in plant and animal cell membranes by Lieb and Stein (sm: 2.9 to 6.0 and 

log P0: -1.4 to 0.7). A sm value of 3.76 implies that the permeability of PEG 300 

through the hydrophobic membrane is a factor 13.5 larger than the corresponding PEG 

600 permeability at equal octanol/water partition coefficients, or a factor 94.5 larger 

taking data of Hollander et al.27 and Philipsen et al.28 for differing partition 

coefficients. 

Although it is clear from the above calculations that the lipophilicity of PEG is not a 

significant factor in the intestinal permeation of this probe, it may be of relevance for 

the urinary recovery of PEG, as after its intestinal absorption PEG will come into 

contact with numerous lipophilic barriers in the body, before it is excreted into the 

urine. As it is likely that the values of the differential mass selectivity coefficient for 

these barriers are in the same range as the value for the intestine29, this may lead to a 

much larger distribution volume within the body for the lower molecular weight PEG's 

compared to the higher molecular weight PEG's. 

This is in keeping with the finding in pigs30, that after intravenous injection of PEG's 

there was a much lower 1 hour-urinary recovery of low molecular weight PEG's (282 

-678), compared to PEG's 722 to 1206. The low recovery of PEG in the range 282 to 

678 was size-dependent, with 2-fold lower values for PEG 282 compared to PEG 678, 

while there was no size-dependency for recovery of PEG's 722 to 1206. This size-

dependent urinary recovery of low molecular weight PEG's after intravenous injection 

was also reported in human volunteers and coeliac patients 17'31, with 24 hour-

recoveries of PEG 194 of only 26 to 32 %, a factor 2.4 to 2.6 lower than 

corresponding PEG 502 recoveries. We suggest that the differential urinary recovery 

of low and high molecular weight PEG's after intravenous injection is due to size 

dependency for penetration through lipophilic barriers in the circulation. 

The effects of water absorption upon the intestinal absorption of PEG's 

In contrast to the contribution of the lipophilicity of PEG to its intestinal absorption, 

intestinal water absorption is clearly a factor of importance for the intestinal 

permeation of PEG's, and also of PPG's and mannitol (Fig 1). This finding supports 

previous reports about the effect of water absorption on PEG 900 and PEG 400 uptake 

in rat intestine perfused in vivo 27'32, and on mannitol absorption in rat intestine 33'34. In 

these studies, the effect of water absorption was attributed to solvent drag, and we also 
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hypothesized that water absorption, by means of solvent drag, was the main cause for 

the large difference in urinary recovery of mannitol vs lactulose in humans 34. 

In Fig. 2A the permeability patterns of PEG's and PPG's mainly represent their passive 

diffusion characteristics, as net water absorption is absent in this condition. The strong 

dependency of PEG diffusion upon its molecular weight for MW < ± 500 was also 

found in in vitro rat intestine 38, in Caco-2 monolayers38 and in triple-lumen perfusion 

studies in human intestine2. This may be related to the flexible, rope-like structure of 

PEG's in aqueous solutions due to hydrogen-bonding with surrounding water 

molecules, which may lead to more cloth-like globular structures at higher molecular 

weights. This size-dependency of diffusion is also significant for PPG's, however to a 

much lesser extent than for PEG's. This is readily explained by the exponential 

increase in lipophilicity of PPG's with increasing molecular weight, which will cause 

an increased permeation through luminal cell membranes and thus compensates for the 

reduced diffusion through aqueous pores with increasing molecular weight. 

In Fig. 2B we compared the change in clearance of PEG's and PPG's induced by a 

change in net water absorption from 0 to 10 ul/g.min. To explain the strong size-

dependency of the change in PEG clearance induced by water absorption one may 

assume that pore restriction to the permeation of PEG interferes with the solvent drag. 

Solvent drag versus solute concentration effects 

An alternative explanation is that water absorption leads to solute concentration in an 

unstirred layer at the entry of the pores. In this case, however, one may expect a much 

stronger relative effect of water absorption upon the permeation of the smaller, more 

permeant PEG's compared to the larger, less permeant PEG's. This is because the 

unstirred layer may be seen as an additional resistance to diffusion in series with the 

pore resistance, which implies that at a smaller pore resistance to diffusion, the 

unstirred layer and changes in its diffusion gradients will be relatively more important. 

This coupling between solute and solvent fluxes has extensively been analysed in 

studies of Andreoli et al. 42'43 in lipid bilayers with aqueous pores of about 5.6 Â. 

They showed that for hydrophilic probe molecules of low permeability a true solvent 

drag effect was predominant over a solute concentration effect during solvent flow. 

Going back to our data, the slopes of the regression lines for the permeabilities of 

PEG's in Fig. 2A and for the permeability increases of PEG's in Fig. 2B are almost 

identical (p = 0.68, two-tailed), at a basal PEG flux comparable to the PEG flux 

increase. (This is why a direct comparison between the slopes is allowed. Moreover, 
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also a plot of the ratio: PEG flux increase/PEG basal flux vs PEG molecular weight 

revealed no correlation: p = 0.62, two-tailed). If the flux increases of PEG's in Fig. 2B 

would exclusively have been caused by solute concentration, a steeper, more negative 

slope should have been expected in favor of flux increases of the smaller PEG's 

compared to the slope in Fig. 2A. As this is not the case we assume, in accord with the 

findings of Andreoli et al.43, that the flux increases especially of the larger PEG's are 

mainly caused by solvent drag, that is the coupling of water and solute transport in the 

pores. 

The observed change of the clearance of PPG in Fig. 2B was independent of the 

molecular weight and was about 12 ul/g.min, which is larger than the change in net 

water absorption of 10 ul/g.min. As the unidirectional water absorption in cat small 

intestine exceeds the net water absorption 36, the large change in PPG clearance may 

still be explained by water absorption. The proportion of the PPG flux increase 

permeating through aqueous pores may be presumed to be quantitatively comparable 

to the observed flux increases of PEG's in fig 2B, and by inference also mainly 

influenced by solvent drag. However, the proportion of the PPG flux increase passing 

through the lipophilic membrane may be strongly affected by solute concentration, as 

a substantial part (estimated to be about 60 % 25) of the absorption of water occurs via 

the transcellular pathway. Solute concentration in an unstirred layer lining the luminal 

cell membrane should have a relatively stronger effect on the probes with the larger 

lipophilic diffusion component, the higher molecular weight PPG's. Indeed a 

comparison of the slopes of the regression-lines of PPG's in Fig. 2A and 2B shows a 

very significant difference (p < 0.005, two-tailed), again at a basal PPG flux 

comparable to the PPG flux increase. The slope switches from negative in Fig. 2A to 

positive in Fig. 2B, which is consistent with the involvement of solute concentration in 

the water-absorption induced flux increases of the PPG's. Also a plot of the ratio: PPG 

flux increase/PPG basal flux vs PEG molecular weight revealed a positive correlation 

(p = 0.028, two-tailed). 

So the effect of water absorption on the permeability of the larger PEG's (and 

mannitol) is most probably due to solvent drag, while the water absorption effects on 

PPG permeability may largely depend on a solute concentration effect. 

General conclusions. 

i) Cr-EDTA will also be subject to solvent drag and/or solute concentration, so the 

absence of an effect of water absorption on the clearance of this probe implies that the 
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upper parts of the villi are impermeable to Cr-EDTA, as discussed in detail elsewhere 
25,35. This implies that the permeation pathway for Cr-EDTA (and disaccharides) 

resides in the basal parts of the villi or, as proposed by Hollander37, in the crypts, 

ii) PEG's in the range 502 - 722 have the same permeability characteristics as 

mannitol, which was also reported in in vitro studies in rat small intestine and in Caco-

2 monolayers 38. Because of the negligible permeability of PEG 502 - 722 through the 

lipophilic membrane phase, this similarity to mannitol (Mw 182) may indeed be 

related to the linear shape of the PEG molecule, as proposed by Hollander . 

iii) Because small intestinal water absorption in cats and humans depends on 

hyperosmolality in the villi, which in turn is dependent on the efficiency of counter-

current multiplication of NaCl in the villi, the in vivo absorption of PEG in both 

species will be influenced by the efficiency of this mechanism in a similar way as we 

proposed for mannitol 35. Consequently, PEG recovery will also be reduced by 

malabsorption of sodium and/or impaired sodium-coupled nutrient uptake, by 

disturbances in blood flow through the villi or by shortening of the villi and their 

vasculature. 

iiii) In contrast to the urinary recovery ratio of lactulose/mannitol and Cr-EDTA/ 

mannitol, the ratio of low MW PEG/high MW PEG in the range we used (282 -722) 

will not be influenced by water absorption, as all these PEG's are influenced with the 

same factor (which has a value of about 2 at a water absorption change from 0 to 10 

ul/g.min). However, the clinical value of such PEG ratios is questionable, as PEG's 

282 to 722 all seem to permeate through the same pore population, and low MW 

PEG's are poorly recovered in the urine. 

In summary, we conclude that the lipophilicity of PEG 282 to 722 does not play a 

significant role in its intestinal absorption, but that it may strongly influence the 

urinary recovery of low Mw PEG's due to the high differential mass selectivity 

coefficients of the various lipophilic membranes with which PEG comes into contact 

before it is excreted into the urine. PEG (282 -722) recoveries do not seem to provide 

more specific information about intestinal permeability than mannitol recoveries. We 

suggest the use of much higher molecular weights of PEG, shown in studies of 

Gmoshinsky et al.39 and Ryan et al.40 in rats, and of Parlesak et al.41 in humans using 

PEG 3350 and PEG 4000, as there is a need for inert clinical permeability probes that 

reflect the permeability of antigenic macromolecules. 
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