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Abstract: Protein losing enteropathy (PLE) has been associated with more than 60 different 

conditions, including nearly all gastrointestinal diseases (Crohn’s disease, celiac, Whipple’s, 

intestinal infections, and so on) and a large number of non-gut conditions (cardiac and liver 

disease, lupus, sarcoidosis, and so on). This review presents the first attempt to quantitatively 

understand the magnitude of the PLE in relation to the associated pathology for three different 

disease categories: 1) increased lymphatic pressure (e.g., lymphangiectasis); 2) diseases with 

mucosal erosions (e.g., Crohn’s disease); and 3) diseases without mucosal erosions (e.g., celiac 

disease). The PLE with lymphangiectasis results from rupture of the mucosal lymphatics, with 

retrograde drainage of systemic lymph into the intestinal lumen with the resultant loss of CD4 

T cells, which is diagnostic. Mucosal erosion PLE results from macroscopic breakdown of the 

mucosal barrier, with the epithelial capillaries becoming the rate-limiting factor in albumin loss. 

The equation derived to describe the relationship between the reduction in serum albumin (C
P
) 

and PLE indicates that gastrointestinal albumin clearance must increase by at least 17 times 

normal to reduce the C
P
 by half. The strengths and limitations of the two quantitative measures 

of PLE (51Cr-albumin or α
1
-antitrypsin [αAT] clearance) are reviewed. αAT provides a simple 

quantitative diagnostic test that is probably underused clinically. The strong, unexplained correla-

tion between minor decreases in C
P
 and subsequent mortality in seemingly healthy individuals 

raises the question of whether subclinical PLE could account for the decreased C
P
 and, if so, 

could the mechanism responsible for PLE play a role in the increased mortality? A large-scale 

study correlating αAT clearance with serum albumin concentrations will be required in order 

to determine the role of PLE in the regulation of the serum albumin concentration of seemingly 

healthy subjects.

Keywords: enteropathy, albumin, Crohn’s, celiac, lymphangiectasis, antitrypsin 

Introduction
Protein losing enteropathy (PLE) refers to the abnormally rapid loss of serum proteins 

into the gut lumen. Since the first suggestion in 1947 that there was excessive loss of 

albumin in the stomach of patients with Menetrier’s disease, PLE has been observed 

in more than 60 different conditions, including nearly all gastrointestinal (GI) diseases 

(Crohn’s disease, celiac, Whipple’s, intestinal infections, and so on) and a large num-

ber of non-gut conditions (cardiac and liver diseases, lupus, sarcoidosis, and so on).1 

While there is a vast literature concerning measurements of PLE in various diseases, 

there is a paucity of recent reviews other than those appearing in textbooks, such as 

the authoritative chapter by Greenwald.1 In this review, we have strived to present a 

unified analysis of the entire field of PLE with a focus on understanding how basic 
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pathophysiologic mechanisms relate to the quantities of 

serum protein lost into the gut.

All blood proteins and, in some cases, blood cells are lost 

in PLE; however, the usual focus is on albumin. Because of 

the relatively long lifetime of albumin, even relatively slow 

leaks can appreciably increase the normal slow clearance and, 

hence, reduce the serum level of albumin. As discussed in our 

recent review of albumin metabolism, there is an unappreci-

ated but astonishingly strong correlation between mortality in 

seemingly healthy individuals and relatively minor decreases 

in serum albumin concentration (C
P
) that remains well above 

the lower limit of normal (3.5 g/dL).2 For example, in a 

study of 1.7 million life insurance applicants followed for 12 

years, apparently healthy 50–70-year-old males with a C
P
 of 

3.90–4.0 g/dL (mean of all subjects=4.4 g/dL) had a relative 

mortality ratio of 1.82.3 Our analysis strongly suggested that 

a low C
P
 is a surrogate marker for underlying disease,2 and 

it seems possible that an understanding of the mechanism(s) 

causing reduced serum albumin might provide insights into 

the process(es) responsible for the increased mortality. As 

discussed below, the steady-state C
P
 represents a balance 

between the rate of hepatic albumin synthesis versus cata-

bolic, urinary, and intestinal (i.e., PLE) albumin clearances. It 

follows that one or more of these four factors must be altered 

in the subclinical conditions that lead to increased mortal-

ity of mildly hypoalbuminemic subjects. In this review, we 

examine the possibility that unrecognized PLE could be the 

mechanism responsible for this hypoalbuminemia.

A novel aspect of this review is the focus on understanding 

PLE quantitatively in terms of the underlying pathophysiol-

ogy at the vascular and mucosal level. Figure 1 shows a 

schematic diagram of the intestinal mucosa that will be 

used as the basis for our discussion. There are two possible 

sources of the systemic protein that is lost into the gut: the 

mucosal capillaries and the lymphatics. As discussed below, 

the quantitative and clinical features of PLE differ markedly 

depending on which of these two sources is involved.

The “Albumin pharmacokinetics” section briefly discusses 

albumin pharmacokinetics and derives the quantitative rela-

tionship between C
P
 and the GI protein clearance. The “Quali-

Figure 1 Schematic diagram of normal intestinal mucosa.
Notes: The epithelial cells present a diffusion barrier between the interstitial space and the lumen. The albumin that slowly leaks from the plasma (concentration=CP) to the 
interstitial space (CTis) is removed by the lymphatics. The luminal albumin concentration (CLumen) is zero.
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tative and quantitative measurements of PLE” section reviews 

the different approaches that have been developed to quantitate 

PLE, each of which has its strengths and limitations. A small 

protein loss occurs in normal subjects and the “Physiology of 

normal GI albumin clearance” section discusses the under-

lying physiology. Since more than 60 different pathologic 

conditions have been associated with PLE, the discussion is 

simplified by grouping these conditions into those thought 

to share common physiologic mechanisms. We will base our 

discussion on the organizational scheme of Greenwald that 

distinguishes three separate groupings: 1) increased lymphatic 

pressure (refer the “Increased lymphatic pressure” section); 

2) mucosal erosions/ulcerations (refer the “Diseases with 

mucosal erosions” section); and 3) mucosa grossly intact 

(refer the “Diseases without mucosal erosions” section). These 

three classifications refer to intestinal disorders; gastric PLE 

is discussed as a separate problem (refer the “Gastric PLE” 

section). The “Genetic and animal models of PLE” section 

briefly discusses some animal and genetic models of PLE. 

Finally, in the “Summary and discussion: clinical implications 

of PLE” section, we briefly discuss the accepted as well as 

potential significance of PLE in clinical medicine.

Albumin pharmacokinetics
Analysis of albumin pharmacokinetics provides a rough 

estimate of the increase in the GI protein loss (PLE) required 

to account for varying degrees of hypoalbuminemia. In the 

steady state, the serum albumin concentration (C
P
) is deter-

mined by a balance between the rate of hepatic albumin 

synthesis versus the clearance via catabolism (Cl
Cat

), and 

urinary (Cl
Ur

)
 
and GI (Cl

GI
) losses:

 

Synthesis GI loss Urinary loss Catabolism
Cl Cl Cl CGI Ur Cat

= + +
= + +( ) PP P P

P GI Ur Cat

Cl C
Cl Cl Cl Cl

=
= + +

 (1)

where Cl
P
 is the total serum albumin clearance.2 In the nor-

mal human, the total body albumin is about 280 g with an 

absolute synthesis rate (i.e., turnover) of about 150 mg/kg/day 

or 10.5 g/day for a 70 kg human.2 This turnover corresponds 

to roughly 8.5% of plasma albumin or 4% of the total body 

albumin per day, with a total body albumin turnover time 

of about 25 days or a half-time of 17.3 days.2 Assuming a 

normal C
P
 of 4.4 g/dL, this turnover corresponds to a serum 

albumin clearance (Cl
P
) of about 240 mL/day for a 70 kg 

human. By far, the largest component of this clearance is 

catabolic (~90%), with urinary (Cl
Ur

) clearance of about 

4% and GI clearance (Cl
GI

) of 6% (15 mL/day, see below). 

Solving Equation 1 for Cl
GI

:

 Cl Synthesis C Cl ClGI P Ur Cat= − −/  (2)

Subtracting Equation 2 for a normal subject (ClGI
N ) from 

that for a PLE subject (ClGI
PLE) and assuming that Cl

Ur
 is 

unchanged in PLE:

 
Cl Cl Cl Cl Synthesis

C
Synthesis

GI
PLE

GI
N

Cat
N

Cat
PLE

PLE

P
PLE

N

= + − + −
CCP
N

 
 (3)

Rearranging Equation 3:

 
Cl Cl Cl

Cl
Cl

Cl Synthesis
GI
PLE

GI
N

Cat
N Cat

PLE

Cat
N P

N
PL

= + −








 +1

EE

N
P
N

P
PLESynthesis
C
C

−








1

 
 (4)

A lower bound estimate for ClGI
PLE is obtained if one 

assumes that both Synthesis and Cl
Cat

 remain normal in the 

subject with PLE in Equation 4:

 

Cl Cl Cl
C
CGI

PLE
GI
N

P
N P

N

P
PLE> + −









1  (5)

Equation 5 predicts that a subject with PLE who has a 

serum albumin of half of the normal (C
P

N/C
P

PLE=2.0) and 

otherwise normal albumin kinetics will have an increase in GI 

albumin clearance (ClGI
PLE) equal to the normal total albumin 

clearance (Cl
P
N=240 mL/day/70 kg) and, adding the baseline 

GI clearance (ClGI
N =15 mL/day/70 kg), a total GI clearance 

of 255 mL/day/70 kg corresponding to a 5.61 g/day loss into 

the gut. However, this represents a low estimate of GI loss 

because as the serum albumin concentration (C
P
) falls, there 

is a variable homeostatic increase in the rate of albumin syn-

thesis as well as a decrease in Cl
Cat

,2 both of which increase 

the estimate of ClGI
PLE (Equation 4) required to maintain the 

serum albumin at a given level. Measurements of the rates of 

synthesis in patients with severe PLE (serum albumin about 

half normal) and normal hepatic function showed ratios of 

SynthesisPLE/SynthesisN varying from 1.24 to 2.61.4–6 In a 

study of the response of a normal subject to a decrease in 

C
P
 produced by plasmapheresis, lowering the C

P
 by 20% 

increased the synthesis by 25%.2,7 In addition, there is a not 

commonly recognized reduction in Cl
Cat

 as C
P
 falls due to 

the competitive binding of albumin to the Fc IgG receptor 

(FcRn).8–10 FcRn was originally shown to bind IgG at acidic 
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pH, diverting it from lysosomal degradation and prolonging 

the lifespan of IgG. Recently, it has been shown that this 

receptor also binds albumin, protecting it from lysosomal 

degradation. Since the amount of FcRn is insufficient to bind 

all albumin, only a fraction is protected by this mechanism. As 

C
P
 falls, the fraction of albumin rescued increases and the Cl

Cat
 

decreases, with the rate of Cl
Cat

 falling to near zero in subjects 

with very low serum albumin levels (congenital analbumin-

emia).2,8 As a rough approximation, we have assumed that 

the change in Synthesis and Cl
Cat

 as C
P
 falls is described by:

 

Synthesis Synthesis C C

Cl C C

PLE N
P
PLE

P
N

Cat
PLE

P
PLE

P
N

/ / ( / )

( /

= +

=

2 1

))ClCat
N

 (6)

Substituting Equation 6 into Equation 4 provides a predic-

tion of the increase in the steady-state GI albumin clearance 

(Cl
GI

) in a patient with hypoalbuminemia resulting solely 

from PLE. This relation is plotted in Figure 2 (assuming ClP
N, 

ClCat
N , and ClCl

N  are 240, 215, and 15 mL/day, respectively). 

Using this more likely relationship between Cl
GI

 and C
P
, the 

otherwise “normal” subject with a C
P
 of half of the normal 

would have to have a ClGI
PLE of 523 mL/day.

Qualitative and quantitative 
measurements of PLE
Because most serum proteins lost into the intestine are rap-

idly hydrolyzed and the amino acids reabsorbed, analysis of 

intestinal or fecal contents cannot be used to diagnose PLE. 

In 1960, Steinfeld et al11 described the first attempt to quan-

titate PLE by measuring the percentage of an intravenous 

(IV) dose of 131I-polyvinylpyrrolidone (PVP) excreted in a 

4-day stool collection. In a series of patients with regional 

enteritis or ulcerative colitis with low serum albumin, the 

percentage of the injected PVP excreted ranged from 2.3% to 

7.4% (mean=4.1%), about 10 times the control value (range 

0.16%–0.63%).11 Unfortunately, 131I-PVP measurements 

are only qualitative because PVP has a very heterogeneous 

size distribution (mean molecular weight of about 40 kDa), 

and the gut clearance may not be representative of albumin 

(molecular weight of 68 kDa).11,12

In 1961, Waldmann13 introduced what is considered to be 

the “gold standard”1 for quantitating PLE: measurement of 

the 51Cr fecal excretion following IV administration of 51Cr-

albumin. The seemingly straightforward rationale underlying 

this measurement is that Cr+3 is not secreted or absorbed from 

the gut – thus, 51Cr excreted in feces over a given time period 

must quantitatively measure the rate that labeled albumin 

was lost into the GI tract. The product of this radioactivity 

excretion rate and the specific activity of serum albumin 

should thus provide a precise measure of the rate at which 

serum albumin leaked into the gut. Unfortunately, multiple 

factors tend to complicate this seemingly simple technique. 

Albumin has a high natural affinity for Cr, and labeling is 

carried out simply by incubating 51Cr+3 with albumin. How-

ever, this labeling, which results in the binding of about 7 

Cr/albumin, is heterogeneous, with some loosely bound Cr 

that dissociates after IV injection and binds to other blood 

(e.g., endogenous albumin, globulins, and transferrin) and 

tissue proteins. Van Tongeren and Majoor12 and Kerr et al14 

have carefully analyzed the pharmacokinetics of plasma 51Cr 

following an IV dose of 51Cr-albumin. There is an initial very 

rapid fall of serum radioactivity of about 90% over the first 4 

days that markedly exceeds the rate of extravascular distribu-

tion measured simultaneously with 125I-labeled albumin. A 

similar difference in the disappearance of the two radioactive 

labels was observed when albumin was double-labeled with 

both 51Cr and 125I,14,15 indicating that the rapid clearance was 

not due to damage of albumin by Cr labeling, but rather that 

Cr was eluting from albumin. Since most of the rapidly disap-

pearing 51Cr does not appear immediately in either urine or 

feces, it is presumably bound to extravascular tissue proteins. 

After about 4 days, the 51Cr decay becomes exponential, with 

a half time of roughly 6.6 days, about half that of 125I-albumin 

(14 days). Using starch gel electrophoresis, Kerr et al14 found 

that 15 minutes after the IV 51Cr-labeled albumin, only about 

Figure 2 The predicted relationship between the increase in GI albumin clearance 
and the resulting steady-state serum albumin (serum albumin/normal albumin) in a 
PLE subject with normal renal and hepatic functions.
Abbreviations: GI, gastrointestinal; PLE, protein losing enteropathy.
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60% of the label was in the albumin fraction, with most of 

the remainder in the globulin fractions. By 6 days, 80% of 

the 51Cr activity was in the albumin fraction. The 51Cr serum 

disappearance rates following IV infusion of 51CrCl
3
 is vir-

tually identical to that following IV infusion of prelabeled 
51Cr-albumin,12 indicating that the 51Cr distributes rapidly to 

blood and tissue proteins, even when bound to albumin prior 

to the IV infusion.

These results clearly show that serum 51Cr is not a strict 

label for albumin. Since the clearance measurement utilizes 

the serum 51Cr concentration (not 51Cr-albumin), fecal 

radioactivity reflects a weighted average of the leak of vari-

ous serum (and, possibly, tissue) Cr binding proteins, some 

of which may leak more rapidly than albumin. After about 

4 days when the rapid serum 51Cr decay is completed, most 

of the serum 51Cr is albumin bound and the GI 51Cr clearance 

is, presumably, primarily a measure of GI albumin clearance 

(Cl
GI

). However, the possibility remains that the gut clear-

ance of a very small 51Cr-labeled protein could be manyfold 

faster than albumin; thus, even a low concentration of this 

serum protein could appreciably distort what is assumed to 

be albumin clearance. As noted, the exponential total clear-

ance rate of 51Cr+3 4 days after infusion remains roughly twice 

that of iodine-labeled albumin. The extent to which rapid gut 

clearance of non-albumin-bound 51Cr+3 accounts for a fraction 

of this elevated total clearance remains to be determined.

Waldmann13 initially estimated PLE from a measurement 

of the percentage of the dose of the IV 51Cr-labeled albumin 

excreted during the first 4-day fecal sample following IV 

injection of the labeled compound. Because of the rapid initial 

serum 51Cr loss described above (90% over 4 days), this should 

be regarded as only a semi-quantitative measurement of GI 

albumin loss, and it does not provide an accurate measurement 

of GI albumin clearance (Cl
GI

). Normal subjects excreted 

from 0.1% to 0.7% (mean 0.23%) of the infused dose, while 

patients with severe PLE (serum albumin less than half nor-

mal) excreted from 4% to 21% (100 times normal). Waldmann 

et al15 used this procedure in a later study of 180 subjects, 50 

controls (normal C
P
 and no evidence of GI disease) and 130 

subjects were selected because they had significant hypoal-

buminemia that could not be explained on the basis of either 

liver disease or proteinuria, with most having some sort of GI 

disease. Despite the semi-quantitative nature of the fecal loss 

measurements and the likelihood that Cp could be influenced 

by factors other than PLE, a remarkably good correlation was 

observed between 51Cr-albumin GI loss and C
P
. Nearly all 

patients with a C
P
 <2.5 g/dL lost more than 6% of the dose/4 

days in the stool (26 times normal).

In order to accurately determine the GI serum albumin 

clearance, it is necessary to relate the rate of fecal 51Cr-

albumin excretion to the 51Cr-albumin concentration (or 
51Cr-specific activity) in the serum at the time the 51C-albumin 

in the fecal sample was passing from the serum into the gut. 

Waldmann et al15 estimated this clearance by measuring the 

daily serum 51Cr concentration and the daily fecal 51Cr excre-

tion over a 12-day period and determining the 51Cr clearance 

using the relation:

 

Clearance day hour fecal Cr
serum Cr concentration pre

/ ( ) /
(

= 24 51

51 vviousday)  
 (7)

averaged over days 5–12. Normal subjects cleared about 

15 mL of plasma/day (6.2% of the total normal albumin 

clearance of 240 mL/day), while PLE subjects cleared from 

50 to 1,800 mL/day. Subjects with a serum albumin about 

half of the normal had clearances of about 600 mL/day, in 

good agreement with that predicted above in the “Albumin 

pharmacokinetics” section (Figure 2).

It should be stressed that accurate assessment of the 

clearance rate requires knowledge of the serum concentration 

of the cleared compound at the time the compound is being 

removed from the circulation (not the time when the com-

pound is exiting from the body). This is a negligible problem 

with urinary clearance of compounds such as creatinine or 

sodium, since their serum concentrations remain roughly 

constant over the relatively short urine collection period. 

However, as noted above, serum 51Cr-albumin concentration 

declines by about 90% over the first 4 days following infusion 

and subsequently at a rate of roughly 6%/day. Clearance mea-

surements made during the first few days after 51Cr-albumin 

infusion (which has been the case in many publications) are 

fraught with error since it is impossible to accurately predict 

the serum 51Cr-albumin concentration at the time the labeled 

protein leaked into the bowel – which might be several days 

prior to the passage of the fecal specimen in healthy subjects 

versus hours in subjects with diarrhea. Waldmann et al15 

provided the most reliable clearance estimates utilizing indi-

vidual fecal specimens obtained on days 5–12 after infusion 

of 51Cr-albumin and the serum 51Cr concentration obtained 

on the day prior to passage of the fecal sample (Equation 7), 

which assumes a 1-day transit time between gut leakage of 

protein and passage of the fecal sample. In normal controls 

where the plasma 51Cr concentration is falling by only about 

6% per day, inaccuracies in the transit time assumption induce 

relatively small errors. However, in subjects with severe 
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PLE in whom the plasma 51Cr concentration may decline by 

50%/day, incorrect assumptions concerning the transit time 

lead to sizable errors in the estimated gut clearance of albu-

min. In many reports, the timing of the serum 51Cr-albumin 

measurement is not clearly stated.

The requisite radioactive exposure and the long experimen-

tal period of daily stool and serum samples (>4 days after infu-

sion of the labeled albumin) markedly limit the clinical utility of 
51Cr-albumin clearance measurements. The procedure currently 

used to quantitate PLE is the α
1
-antitrypsin (αAT) clearance 

measurement, first described by Bernier et al.16 Based on the 

ideal assumptions that αAT is neither absorbed from nor physi-

ologically secreted into the intestine and is resistant to intestinal 

proteolysis, measurement of its fecal loss should be indicative 

of the rate of loss of similar-sized serum proteins. Since the 

molecular weight of αAT is 50 kDa, only slightly less than that 

of albumin (67 kDa) and, as shown below, there is only weak 

protein size discrimination in PLE, the fecal αAT loss should 

be similar to that of albumin. The ideal assumptions may not 

be perfectly satisfied because there may be some minor and 

varying rates of biliary secretion of αAT, some intraluminal 

proteolysis (see below), and the presence of several protein 

complexes of αAT in feces that differ from the serum form.17 

However, these factors are generally regarded as minor, and 

αAT clearance has become a widely accepted measure of PLE. 

The αAT clearance is usually determined from the amount of 

αAT in a 1-day fecal collection divided by the plasma αAT. A 

major advantage of this methodology is that αAT is produced 

endogenously and the serum concentration remains relatively 

constant, hence the timing of the serum measurement is not 

critical as is the case with 51Cr-albumin. Alternative simpler 

approaches, which are only semi-quantitative and do not 

measure clearance, neglect the serum measurement and sim-

ply determine the fecal αAT concentration in a stool sample 

(mg/dry weight) or the amount of αAT in stool collected over 

a given period, for example, a 1-day collection. Plasma αAT 

has large normal variations with systematic variations observed 

in some diseases, such as inflammatory bowel disease (IBD) 

where the serum αAT is about twice normal.18 Thus, the clear-

ance measurement is superior to the simpler approaches, as 

evidenced by a smaller normal range and better discrimination 

between normal and PLE patients.19,20

There have been three studies directly comparing 51Cr-

albumin and αAT GI clearance in individual PLE patients, 

with disparate results. As discussed above, because of the 

initial rapid decline of plasma 51Cr-albumin, accurate timing 

of the serum 51C concentration used to calculate clearance is 

essential. Florent et al21 seemingly made the most accurate 

comparison in that they collected stools for 6 days beginning 

2 days after the IV infusion of 51CrCl
3
 and used the daily 

fecal 51Cr and the serum 51Cr-albumin from the previous day 

to determine the clearance. They found a very strong linear 

correlation (r=0.96) between the αAT and 51Cr clearance, 

with the αAT clearance about half the 51Cr clearance. Quigley 

et al,17 using one serum 51Cr sample on day 3 and the average 

fecal 51Cr over multiple days, reported a weaker correlation 

(r=0.45) with the αAT clearance being ~60% of the 51Cr 

clearance. They determined a PLE diagnostic sensitivity and 

specificity of the αAT clearance (relative to 51Cr-albumin) 

of only 58% and 80%, respectively. Karbach et al19 found a 

stronger correlation (r=0.87), but with the αAT clearance 

about twice the 51Cr clearance, the opposite finding to that of 

Florent et al and Quigley et al17 who found the αAT clearance 

to be about half the 51Cr-albumin clearance. Karbach et al19 

determined the 51Cr clearance from one bulk 3-day stool col-

lection and a zero time plasma concentration estimated from 

the injected 51Cr-albumin dose divided by an estimation of 

serum volume, an obviously flawed methodology, given the 

previously described rapid initial decay of 51Cr concentration 

in the plasma. We believe the conclusion of Florent et al21 

that αAT and 51Cr-albumin GI clearance are highly correlated 

with the αAT clearance about half that of the 51Cr-albumin 

clearance to be the best currently available result.

Since 51Cr-albumin clearance is no longer used and αAT 

clearance has become the current standard for quantitating 

PLE, we will heavily utilize αAT clearance measurements 

in this review. However, there is one situation in which αAT 

clearance is clearly an unreliable measure of PLE – when 

there is gastric protein loss such as that occurs in  Menetrier’s 

disease – since αAT activity is almost completely destroyed 

during 1 hour of incubation in gastric juice at pH <3 main-

tained at 37°C.21 Florent et al22 have shown that if one suspects 

gastric PLE, the αAT clearance can provide a valid measure 

of protein loss if cimetidine IV infusion is employed to elevate 

the gastric pH. It seems likely that high-dose oral protein 

pump inhibitor administration could be used in a similar 

fashion to minimize acid denaturation of αAT in the stomach.

The normal average value for the αAT clearance is about 

8 mL/day19 (about half the normal 51Cr-albumin clearance) 

with an upper limit of normal of 20 mL/day. Strygler et al20 

have shown that this normal range is approximately doubled 

in normal subjects if rapid transit is induced with lactulose, 

sorbitol, sodium sulfate, or phenolphthalein, and they sug-

gested that rapid transit decreases the time for luminal αAT 

degradation. While the concept that half the αAT entering 

the gut undergoes intestinal proteolysis is appealing in that 
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it would explain the observation of Florent et al21 that the 

αAT clearance was about half the 51Cr-albumin clearance, it 

raises other questions. One problem is that this would predict 

that very clinically active IBD (with high PLE) with diarrhea 

and decreased transit times should have αAT clearances that 

approach 51Cr-albumin clearance. However, Florent et al21 

observed that the GI αAT was half the 51Cr-albumin clear-

ance for the entire range of pathologic clearances (15–400 

mL/day). Second, although αAT is rapidly hydrolyzed at pH 

<3 in the stomach, hydrolysis is minimal during incubation 

for 2 hours in duodenal juice or 24 hours in feces;21 thus, it 

seems unlikely that there could be 50% hydrolysis during 

normal intestinal transit times. Finally, another possible 

explanation for why the normal GI αAT is half the 51Cr-

albumin clearance is that a significant fraction (50%–100%) 

of the normal GI protein clearance occurs in the stomach (see 

below) and would be expected to be hydrolyzed. However, if 

this were the case, the αAT lost into the small intestine during 

PLE should not suffer the same hydrolysis, which is not con-

sistent with the αAT results.21 In summary, the quantitative 

relationship between the αAT and 51Cr-albumin clearance 

is enigmatic. In any case, in the following sections, we will 

assume that the αAT clearance is an accurate indicator of GI 

protein loss and that, quantitatively, the αAT is about half the 

true (i.e., 51Cr-albumin) GI albumin clearance.

Another approach used to diagnose PLE is scintigraphy 

following administration of short lifetime tracer (Tc-99m, 

T
1/2

=6 hours or In-lll, T
1/2

=2.8 days)-labeled macromolecules 

(albumin, transferring, or dextran).1 This approach does not 

require fecal collection and has the unique advantage that it 

localizes the primary site of the protein leakage. In the most 

thorough protocols, imaging is acquired dynamically every 

minute for the first hour after IV injection, then statically 

for 3–7 hours (early phase) and at 24 hours (late phase). The 

early time course provides accurate identification of the initial 

leakage site and following the late phase, intestinal transit of 

the tracer provides more accurate gut (e.g., versus hepatic or 

renal) localization of the tracer, increasing the sensitivity.23,24 

In a recent meta-analysis of scintigraphy’s PLE diagnostic 

accuracy, Khalesi et al24 found a high sensitivity (87%) and 

a somewhat lower specificity (62%) due to confusion with 

non-GI radioactive distribution. Scintigraphy is becoming an 

increasingly popular technique to diagnose and localize PLE.

Physiology of normal GI albumin 
clearance
As discussed above, the normal GI albumin clearance (Cl

GI
) 

is about 15 mL/day. Although the mechanism and site of 

this normal loss have not been reviewed previously, it is 

generally assumed to represent baseline intestinal perme-

ability. Given that the small intestine has about 25 m2 as 

the surface area25 and that the epithelial cells are rapidly 

turned over,26 it would not be surprising if there was some 

obligatory albumin leak. However, as discussed here, this 

minimal baseline leak may not represent intestinal perme-

ability but rather albumin in the gastric, pancreatic, and/

or hepatic secretions.

Using continuous gastric aspiration, Florent et al22 

estimated the hourly rate of gastric albumin clearance in 

normal control subjects using either 51Cr-albumin or αAT 

with concomitant IV cimetidine. These gastric clearances 

were compared with simultaneous measurements of total 

daily GI clearance from fecal 51Cr. Surprisingly, the gas-

tric clearance was roughly equal to the total GI clearance, 

suggesting that normal GI albumin clearance is mostly or 

entirely gastric.

There is also evidence that biliary secretion is the source 

of the normal protein loss into the gut. The most direct evi-

dence in this regard is provided by the studies of 14C-PVP 

excretion in dogs by Ravin et al27 They showed that mea-

surement of bile 14C-PVP equaled the fecal excretion and 

that diversion of bile completely eliminated the appearance 

of PVP in the stool. In humans, reports show the albumin 

concentration in hepatic bile to range from 0.5%28 to 2%29 

of the plasma albumin. Using a human hepatic bile flow of 

620 mL/day,30 this corresponds to bile GI albumin clearance 

of 3.1–12.4 mL/day.

Low amounts of albumin are also present in pancreatic 

secretion. Multigner et al31 reported that about 1% of the 

total protein in normal pancreatic juice was albumin. Using 

a total pancreatic juice protein of 12.8 mg/mL32 and a total 

pancreatic secretion of 1 L/day, this corresponds to a pancre-

atic GI albumin clearance of about 3 mL/day. According to 

these results, hepatic bile plus the pancreatic secretion can 

account for most of the total normal albumin clearance of 

15 mL/day. These results are obviously contradictory, with 

Florent et al22 suggesting that the normal clearance is all 

gastric and Ravin et al27 suggesting that it is all hepatic. The 

gastric, hepatic, and pancreatic measurements use markedly 

different methodology and assumptions than the 24-hour 

fecal estimates of total GI albumin clearance and may not be 

directly comparable. However, these results suggest that the 

normal albumin clearance could be completely accounted for 

by the albumin in the normal biliary, pancreatic, or gastric 

secretions and is not necessarily the result of a low baseline 

intestinal permeability for albumin.
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Increased lymphatic pressure
In his comprehensive review, Greenwald places 18 different 

diseases in the pathophysiologic category of increased lym-

phatic pressure.1 The three best characterized examples are 

primary intestinal lymphangiectasia, constrictive pericarditis, 

and the Fontan procedure. Analysis of these three conditions 

provides useful diagnostic criteria for assigning a lymphan-

giectatic etiology to a PLE condition, and these criteria will 

be used to investigate whether other diseases placed in this 

category by Greenwald are correctly assigned.

Primary intestinal lymphangiectasis is a rare disease, 

first described by Waldmann et al,5 in which there is a 

central blockage of lymph drainage producing generalized 

lymphedema (lower leg edema, pleural effusion, and chylous 

ascites) in addition to PLE.33 This condition is characterized 

by specific intestinal histologic (interstitial edema, dilated 

submucosal lymphatics) and endoscopic (edematous thick-

ening of mucosal folds, nodular protrusions, diffuse white 

plaques, and white-tipped villi) findings.33–36 In one report, 

endoscopic biopsy of a “… 3 cm mulitlobulated cystic mass” 

in the duodenum “… resulted in an exudation of white, chy-

lous material”,36 and there is also one report of direct duode-

nal sampling of a high-protein, high-fat chylous effusion in 

a fasting subject.37 Lymphography obtained by injection of 

contrast in a lymphatic channel in the foot demonstrates the 

retrograde passage of the contrast medium into the intestinal 

lymphatics and out into the small intestinal lumen.38–41 In 

addition to the severe hypoalbuminemia (~2 g/dL), other 

characteristic abnormalities include low immunoglobulin 

levels (IgG, IgA, and IgM) and uniquely very low CD4 T 

cell counts.33 Substitution of medium-chain triglycerides 

which are transported directly into portal blood rather than 

the lymphatic system reduces intestinal lymphatic flow with 

an associated partial or complete clearance of the symptoms 

and signs of PLE.42,43

Wochner et al6 measured the rate of albumin synthesis 

(bicarbonate-14C labeling), albumin catabolism or turnover 

(131I-albumin time constant), and intestinal loss (51Cr-albumin 

in 4-day feces) in four subjects with primary lymphangiecta-

sis. The serum albumin was about half normal and the albu-

min synthesis rate was about 40% greater than normal. Using 

the steady-state assumptions in Equations 4 and 6 (plotted in 

Figure 2), the GI albumin clearance (ClGI
PLE) should have been 

500 mL/day, consistent with the experimental  51Cr-albumin 

fecal excretion corresponding to a ClGI
PLE of 420 mL/day, which 

is 30 times normal.

Constrictive pericarditis, in rare cases, can produce large, 

nonfluctuating increases in venous pressure (20–30 mm Hg) 

that are accompanied by PLE that has a clinical presentation 

(symptoms, mucosal histopathology, and laboratory findings) 

nearly identical to that of primary lymphangiectasis.44–47 All 

these findings are normalized when the venous pressure 

elevations are reversed by pericardiectomy, proving that the 

high venous pressure leads to the increased lymphatic pres-

sure and lymph leakage into the intestinal lumen. Wilkinson 

et al47 described one subject with a venous pressure of 24 

mmHg, a serum albumin of half normal, a normal albumin 

synthesis rate, and a 21.4% 4-day fecal 51Cr-albumin loss. 

After surgery, the serum albumin returned to normal and 

the 4-day fecal 51Cr-albumin loss fell to 0.59% (a 36-fold 

decrease).

The assumed pathophysiology which produces the PLE 

associated with constrictive pericarditis is shown in Figure 3. 

High systemic venous pressure produces increased intestinal 

lymphatic pressure which, in select cases, causes localized 

rupture of the intestinal lymphatics into the lumen that drains 

and decompresses the entire systemic lymphatic system. 

The albumin GI clearance (ClGI
PLE) of 420 mL/day reported 

by Wochner et al6 would correspond to the intestinal loss 

of about a liter of lymph/day, assuming a lymph albumin 

concentration 45% of plasma.

Markedly increased central venous pressure influences 

lymphatic pressure by two mechanisms: first, the high venous 

pressure causes an imbalance in Starling forces, such that 

there is markedly increased capillary filtration and lymph 

production in the gut mucosa. This imbalance is further 

increased if the lymphatics rupture into the intestinal tract, 

markedly lowering plasma albumin and oncotic pressure. 

Petersen and Hastrup46 made quantitative measurements 

of thoracic duct lymph flow and albumin concentration in 

one constrictive pericarditis subject with severe PLE and in 

normal controls. The thoracic duct flow in the PLE subject 

was 4.6 times greater than normal (4.44 versus 0.96 L/day). 

If the lymph flow resistance is unchanged in the PLE subject, 

this increased flow should, by itself, increase the downstream 

lymph pressure by a factor of 4.6. Second, the high pressure 

in the innominate vein (into which the thoracic duct drains) 

increases the resistance to drainage of the thoracic duct lymph 

flow. The importance of the latter mechanism, which is not 

widely appreciated, is directly supported by the observa-

tions that overt PLE is rarely seen in patients with severe 

portal hypertension with portal pressures that are routinely 

comparable or greater to those in constrictive pericarditis, 

but relatively normal systemic venous pressures (see below).

Surprisingly, the major focus of recent PLE clinical inves-

tigation has been the study of the mechanism and  treatment 
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of PLE associated with the Fontan procedure, a surgical 

technique that involves diverting the venous blood directly to 

the pulmonary artery in children with a single ventricle. This 

procedure markedly increases the central venous pressure and 

in 3%–18% of subjects, PLE appears from 2 to 10 years after 

the surgery.48 This rare form of PLE (prevalence of <2,000 

in USA49) has been intensively investigated because it is a 

leading cause of morbidity and mortality in patients under-

going the Fontan procedure.50,51 There is additional interest 

in this syndrome because it represents the best characterized 

“experimental model” of PLE. While all patients who have 

undergone a Fontan procedure have elevated venous pres-

sure, the finding that only a minority develop PLE has led 

to speculation as to the etiology of the PLE. Initially, it was 

suggested that the decreased mesenteric blood flow associated 

with the procedure was the primary event leading to intes-

tinal mucosal damage and protein leakage.52 However, the 

mucosal histology in PLE of these subjects is identical to that 

found in primary intestinal lymphangiectasia and constrictive 

pericarditis,52–57 and it is now generally accepted that the PLE 

is the result of the high systemic venous pressure that leads 

to lymphatic rupture in the gut. Direct evidence that PLE in 

Fontan subjects results from the increased lymphatic pressure 

is provided by the recent description of dramatic improvement 

of PLE following diversion of the innominate vein (which 

drains the thoracic duct) to the low-pressure atrium.55 The 

deleterious effect of the resultant shunting of blood past the 

lung with the concomitant arterial desaturation is considered 

to be of minor clinical importance relative to the benefit that 

is achieved with the alleviation of the PLE.

It is not clear why only some Fontan subjects develop 

PLE. There is a correlation of PLE with the central venous 

pressure at the time of development of PLE, but this corre-

lation disappears during the chronic phase.58 However, this 

correlation is weak, with some patients developing PLE even 

though they have a “good” surgical result (i.e., right atrial 

pressure <15 mmHg).51 The most likely explanation is that the 

lymphatic system is operating near capacity in most subjects 

following the Fontan procedure and either some predisposing 

defect (e.g., congenital lymphatic malformation) or an event 

Figure 3 Schematic diagram illustrating the pathophysiology for the PLE produced by increased lymphatic pressure resulting from increased venous pressure (PVein).
Note: The lymphatic ruptures into the intestinal lumen, allowing decompression and retrograde drainage of the systemic lymph.
Abbreviation: PLE, protein losing enteropathy.
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such as an infection56,59,60 results in the rupture of the lymphat-

ics in a localized area of the intestine.51 Direct support for 

the localization of the leak is provided by the observations 

that scintigraphy often demonstrates localized areas of leaks 

and resection of the identified region alleviates the PLE.56

This observation that only a subset of Fontan patients 

has overt clinical signs of PLE (e.g., edema, effusions, and 

so on) raises the question as to whether the remainder of the 

subjects have subclinical PLE. The vast majority of this well-

studied group of patients had normal serum albumin61–63 and 

stool αAT clearance or concentration that was normal61,64 or 

only slightly elevated (~2-fold).62,63 Thus, the relatively high 

venous pressure (~12 mmHg) routinely observed in Fontan 

subjects usually does not produce appreciable albumin leak-

age into the gut, that is, PLE is an all or none phenomenon in 

these subjects. It is necessary to postulate that some unidenti-

fied abnormality other than elevated venous pressure must 

render a subset of Fontan subjects susceptible to chronic 

lymphatic rupture. The PLE observed in Fontan subjects has 

been reported to be triggered by an enteric infection.59,60 It 

seems possible that such tissue injury initiates PLE, which 

then becomes self-sustaining, possibly in part secondary to 

the enhanced lymph production engendered by the hypoal-

buminemia that results from protein loss into the gut.

The occurrence of lymphatic PLE produced by the increased 

systemic venous pressure with constrictive  pericarditis or the 

Fontan procedure raises the question of whether PLE is also 

associated with the very common problem of congestive 

heart failure (CHF). Although there are case reports of PLE 

in patients with CHF,65 it is a very rare association. Berkowitz 

and Segal66 measured αAT clearance in 25 patients with severe 

heart failure and found only one abnormally high value (four 

times normal; data plotted in Figure 4).

Unlike the situation with constrictive pericarditis or the 

Fontan procedure, the systemic venous pressure draining 

the thoracic duct is close to normal in patients with portal 

hypertension secondary to liver disease or portal vein obstruc-

tion. The markedly increased portal vein pressure leads 

to increased liver sinusoidal and intestinal capillary fluid 

filtration, which is balanced by an increase in thoracic duct 

flow, which theoretically could also produce lymphatic PLE. 

Dumont and Mulholland67 measured thoracic duct pressures 

and flows in 20 patients with long-standing liver dysfunction 

(17 with ascites) and all had increased pressures and flows, 

from 2 to 10 times normal. Hypoalbuminemia is routinely 

associated with portal hypertension and an important clinical 

question is with what frequency does PLE cause/contribute to 

this hypoalbuminemia. A few case reports have documented 

that portal hypertension can cause PLE by a clear-cut lym-

phangiectatic mechanism, but this association appears to be 

rare. Stanley et al68 described a patient with portal hyperten-

sion with PLE documented by whole gut lavage (αAT 100 

Figure 4 Fecal α-antitrypsin clearance in various disease states. 
Notes: The “normal” clearance corresponds to the control data for the Crohn’s disease study (mean=8.3 mL/day, range of 1.5–19.2 mL/day). In patients with heart failure, 
the clearance is normal except for one patient. In contrast, most subjects with Crohn’s or celiac disease have a statistically significant increase in clearance.
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times normal) and edematous villi with distended lymphat-

ics on biopsy, all of which returned to normal following a 

transjugular intrahepatic portosystemic shunt. Wong et al69 

described a patient with severe liver disease and portal hyper-

tension with a serum albumin one-fourth of the normal, with 

the classical lymphangiectactic intestinal biopsy and PLE 

documented by an αAT clearance of 10-fold normal which 

was reversed by liver transplantation. There are surprisingly 

few large-scale clinical studies of the association of PLE 

with liver cirrhosis and portal hypertension. Georgopoulos 

et al70 studied 12 patients with moderate to severe alcoholic 

cirrhosis and portal hypertension. All had low serum albumin 

(mean of two-thirds of normal) and 9 of the 12 had ascites. 

None of them had PLE as defined by an increased whole 

gut lavage αAT. In an older study, Davcev et al71 studied 18 

patients with advanced liver cirrhosis (alcoholic and viral 

origin) and used 131I-PVP to measure PLE. Two of the 18 

had significantly increased PVP secretion and both of these 

had classical intestinal mucosal lymphangiectasia on biopsy.

These results for portal hypertension and CHF are similar 

to those described above for the Fontan procedure, with PLE 

occurring only in a very small subset of patients. Thus, the 

PLE produced by increased venous pressure seems to be an 

all or none phenomenon, with no PLE occurring until the 

downstream lymphatic pressure gets high enough to rupture 

the lymphatics locally into the intestine, draining and decom-

pressing the entire lymphatic system. The fact that most 

Fontan or CHF patients with markedly increased systemic 

venous pressure or cirrhotic patients with large increases in 

portal vein pressure do not have PLE indicates that increased 

mucosal capillary pressure (and the concomitant increase in 

mucosal interstitial pressure) does not by itself produce PLE.

Greenwald1 assigns several PLE disease entities to mul-

tiple pathophysiologic categories. For example, Whipple’s 

disease and systemic lupus erythematosus (SLE) are in both 

the “No mucosal erosion” and “Increased lymph pressure” 

(i.e., lymphangiectasis) classes and Crohn’s disease is in 

both the “Mucosal erosion” and “Increased lymph pres-

sure” classes. This is an indication of the poorly understood 

pathology of PLE and the difficultly of assigning a definite 

mechanism. One would predict that there should be marked 

differences in the hematologic findings in the three catego-

ries of PLE since in lymphangiectasia there is bulk loss of 

lymph, including the lymphoid cells, whereas the other two 

classifications have negligible cellular loss. As predicted, 

the characteristic findings in the three classical increased 

lymph pressure conditions discussed above (primary lym-

phangiectasis, constrictive pericarditis, Fontan procedure) are 

lymphopenia and a dramatic decrease in CD4 T cells (about 

10% of normal).53,72,73 This selective depletion of CD4 cells 

presumably reflects the tendency of CD4 cells to circulate 

in lymph, whereas other immunologic cells are more tissue 

bound.72 Thus, the low CD4 cell count is a direct quantita-

tive measure of bulk lymph loss into the intestine and the 

CD4 cell count can be used as a simple hematologic marker 

of lymphangiectasis. Surprisingly, this simple diagnostic 

criterion is not widely recognized.

One would also predict that, since there is bulk loss of 

lymph in lymphangiectasis, the rate of loss of plasma proteins 

should be proportional to the lymph protein concentration. 

Bendixen et al74 simultaneously measured the steady-state 
125I-albumin and 131I-IgG loss in seven lymphangiectasis 

patients. The rate of IgG loss was 75% that of albumin, just 

what one would predict from intestinal lymph IgG concen-

tration, that is, 75% of the albumin concentration.75,76 The 

rate of protein loss does not discriminate between the three 

PLE classes because, as discussed below, in both the “No 

mucosal erosion” (e.g., celiac disease) and the “Mucosal 

erosion” (e.g., Crohn’s disease), there is minimal size dis-

crimination and the PLE loss rate is also proportional to the 

lymph concentration.

Diseases with mucosal erosions
Greenwald lists more than 20 diseases in this category, 

including malignancies (e.g., lymphoma, Kaposi’s sarcoma), 

infectious diseases (e.g., Clostridium difficile, Shigella), sar-

coidosis, and IBD (e.g., Crohn’s disease, ulcerative colitis).1 

Crohn’s disease is, by far, the best characterized and the most 

intensely investigated, and we will focus on this condition 

as the classic example of this PLE class. Crohn’s disease is 

characterized by local areas of chronic inflammation which 

lead to surface erosions and ulcers.77 Even in the early, mild 

form of the disease, focal erosions are present and, on endos-

copy, these erosions may be visibly oozing a serous material.78 

These erosions represent a clear breakdown of the normal 

mucosal permeability barrier and are an obvious candidate 

for the site of the PLE. This situation is schematically illus-

trated in Figure 5, where there is a breakdown of the mucosal 

barrier allowing free passage of interstitial protein into the 

intestine. Since the Crohn’s disease involves both the small 

bowel and/or colon, the details of the albumin permeability 

and surface area will obviously differ markedly depending 

on the location of the erosions.

As indicated in Figure 5, the rate of albumin loss at 

these erosion sites probably becomes limited by the normal 

capillary albumin permeability. In normal subjects, the flux 
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of albumin across the capillary (J
CapAlb

) is balanced by the 

returning intestinal lymph flow rate (J
Lymph

) times the lymph 

concentration (C
Lymph

) which is equal to the interstitial albu-

min concentration (C
Tis

):

 

J P S C C P S

C C J C
CapAlb Cap Cap P Tis Cap Cap

P Lympn Lymph Lymph

= − =

− =

( )

( )

⇒⇒ = +C C P S J P SLymph p Cap Cap Lymph Cap Cap/ / ( )
 (8)

where and S
Cap 

and P
Cap

 are the capillary surface area and albu-

min permeability, respectively. As shown in Equation 8, the 

lymph/plasma concentration ratio (C
Lymph

/C
P
) provides a mea-

sure of the capillary permeability (P
Cap

). The total thoracic duct 

lymph flow is about 2 L/day, of which about half (≈1 L/day) is 

intestinal (mesenteric).79,80 Since C
Lymph

=C
Tis

≈2.2 g/dL, about 

half C
P,

75 the normal J
CapAlb

 is about 22 g/day, corresponding 

to a clearance (=J
CapAlb

/C
P
) of 500 mL/day (about twice the 

total rate of normal albumin synthesis). As illustrated in 

Figure 5, in the regions where the epithelial barrier is lost, 

the C
Tis

 should fall to zero, so that the diffusional gradient 

(C
P
–C

Tis
) is doubled and, from Equation 8, the maximum 

possible PLE clearance if the entire mucosal barrier was lost 

would be 1,000 mL/day, twice the normal J
CapAlb

. Thus, the 

PLE albumin clearance should be proportional to the fraction 

of the total intestinal mucosa that is involved in the Crohn’s 

disease, varying from 0 for completely normal intestine to 

a maximum 1,000 mL/day if the entire intestinal mucosal 

surface were involved. This rough estimate assumes that the 

capillary permeability remains normal in the ulcerated area.

This description of GI albumin clearance can be quantita-

tively compared with the measurements of αAT clearance in 

a large series of patients with active Crohn’s disease plotted 

in Figure 4 (data from Karbach et al19). It can be seen that 

the αAT clearance is from 10 mL/day up to 200 mL/day 

greater than the normal clearance. Using the above estimate 

Figure 5 Schematic diagram of the PLE occurring in diseases with mucosal erosions. 
Note: Because of the large breaks in the epithelial permeability barrier, the capillaries become the rate-limiting step in the leak of serum albumin and the interstitial albumin 
(CTis) locally equilibrates with the lumen (CTiss=CLumen=0).
Abbreviation: PLE, protein losing enteropathy.
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of mucosal capillary permeability, this would correspond 

to a loss from 1% to 20% of the normal intestinal mucosal 

barrier. It is important to recognize the marked difference 

in the pattern of αAT clearance in Crohn’s disease versus 

patients with increased lymphatic pressure (e.g., cirrhosis, 

heart failure, Fontan). In the latter, the αAT clearance is 

normal in the great majority of patients and becomes mark-

edly abnormal only when the lymphatics rupture with leak of 

gross lymph into the intestine. In contrast, in active Crohn’s 

disease, all patients have a greater than normal αAT, as one 

would predict if the clearance were proportional to the frac-

tion of intestine involved.

If the capillary is the rate-limiting barrier in diseases with 

mucosal erosions, the rate of PLE of albumin (68 kDa) versus 

IgG (150 kDa) should be determined by the normal capil-

lary permeability. In direct measurements of the rabbit small 

intestinal capillary permeability using I-labeled albumin and 

IgG, Bill reported that the albumin permeability was about 

twice that of IgG.81 Estimates of the intestinal capillary per-

meability from the steady-state intestinal lymph/plasma ratio 

(C
Lymph

/C
P
, Equation 8) suggest less size selectivity. Vaerman 

and Heremans76 measured the dog mesenteric lymph/plasma 

ratio for endogenous proteins varying in molecular weight 

from 44 kDa (orosomucoid) to 890 kDa (IgM). Although 

they did find a correlation between molecular weight and 

lymph/plasma ratio, the selectivity was surprisingly small, 

with IgG and IgM ratios of about 75% and 30% that of albu-

min, respectively. Beh et al75 found that, in sheep, albumin 

and IgG had nearly identical intestinal lymph/plasma ratios, 

indicating no size discrimination. These lymph/plasma 

permeability estimates assume that there is negligible local 

intestinal protein synthesis, which seems to be the case with 

the exception of IgA.76

These results indicate that there is minimal size discrimi-

nation in the intestinal capillary permeability of albumin ver-

sus IgG and, if this is the limiting barrier in PLE, one would 

predict that albumin and IgG should be lost at similar rates 

in PLE. Kingham and Loehry82 determined the selectivity 

of small intestinal loss into perfused small intestinal seg-

ments with radiologically identified Crohn’s disease using 

IV-injected 125I-PVP with a size range of 8–80 kDa. In normal 

subjects, the small intestinal epithelial permeability of the 

largest PVP (80 kDa) was about a 1,000-fold less than that 

of the smallest (8 kDa). In contrast, in Crohn’s disease, there 

was only about a 10-fold difference and, in the size range of 

about 40–80 kDa, there was almost no size discrimination, 

in agreement with the above prediction based on the find-

ing of a normal albumin versus IgG capillary permeability. 

Bendixen et al74 simultaneously measured the steady-state 
125I-albumin and 131I-IgG synthesis rates and the PLE rate 

using 59Fe-dextrin in 10 cases of Crohn’s disease. They found 

that the IgG and albumin synthesis rates were increased in 

proportion to the 59Fe-dextrin fecal clearance. The increase 

in the synthesis rate was about 45% greater for IgG than 

albumin, which they interpreted as indicating that there was 

increased catabolism of IgG in Crohn’s disease, in addition 

to the IgG PLE loss.

In contrast to the situation with lymphangiectasia, the 

increase in permeability produced by mucosal erosions 

should be bidirectional. That this is the case is confirmed by 

measurements of the rate of intestinal absorption of solutes 

that are normally impermeable, such as polyethylene glycol 

(PEG),83 ethylene glycol tetraacetic acid (EGTA),84 or lactu-

lose.85,86 Probably, the best available measurement of intestinal 

permeability is the ratio of the absorption of orally adminis-

tered lactulose/mannitol or lactulose/l-rhamnose, determined 

from a 5-hour urine collection. Lactulose normally has a very 

low permeability, while mannitol and l-rhamnose are inert 

markers that have a finite permeability through the normal 

tight junction complex (Figure 1) and correct for changes in 

transit time (e.g., diarrhea) and surface area (e.g., in celiac 

disease). In normal subjects, the lactulose/mannitol ratio is 

0.02, increasing to about 0.07 in Crohn’s disease.86 Figure 6 

shows a plot of the lactulose/mannitol ratio for controls versus 

patients with moderate to severe Crohn’s disease (data from 

Murphy et al86). The distribution of the increase in lactulose 

permeability is similar to the increase in αAT clearance in 

Crohn’s disease, as plotted in Figure 4. This would be pre-

dicted for erosions that produce a large, nonselective increase 

in epithelial permeability (Figure 5) that cannot distinguish 

between lactulose versus αAT (or albumin). The nonselectiv-

ity of the leak is also demonstrated by measurements of the 

absorption of PEG 600 from isolated, perfused ileal segments 

in humans.83 PEG 600 has a distribution of molecular weights 

varying from 590 to 942 Da. In normal subjects, the absorp-

tion decreases from 0.45% for 590 Da to 0.05% for the 942 

Da PEG. In ileal loops with Crohn’s disease, the absorption 

rate of the largest PEG (942 Da) increases 25-fold to 1.25% 

and is not dependent on the molecular size, confirming the 

nonselectivity of the erosion permeability defect.

Greenwald places Crohn’s disease in both the “Mucosal 

erosion” and “Increased lymph pressure” categories because 

the local inflammatory response may be associated with 

lymphangiogenesis, focal lymphatic obstruction, submucosal 

edema, and dilation of lacteals.87–89 However, this local patho-

logic response differs markedly from the “Increased lymph 
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pressure” events described above, where there is a central 

blockage of the systemic lymph flow, producing a rupture 

in which the total body lymph leaks into the intestine. It is 

unlikely that a local lymph obstruction could produce enough 

pressure to produce this rupture and, if it did, it would result 

in only small, local lymph losses. Consistent with this, CD4 

T cell levels which, as discussed above, are markedly reduced 

in the “Increased lymph pressure diseases” are normal in 

Crohn’s disease,90 ruling out any large lymphatic leak.

Diseases without mucosal erosions
Greenwald places more than 20 diseases in this category, 

including celiac disease, Whipple’s disease, SLE, cobalamin 

deficiency, and so on.1 Although all these diseases have vary-

ing and clearly defined changes in the intestinal epithelium, 

the mucosa appears grossly intact and there is no obvious 

break in the diffusional barrier. As shown schematically in 

Figure 7, it is usually assumed that there is some defect in 

the tight junction complex.91

We will focus on celiac disease because it is the best charac-

terized and a classic example of this form of PLE. In contrast to 

the localized focal erosions in Crohn’s disease, the pathologic 

mucosal changes in celiac disease are diffuse and widespread, 

usually involving most of the jejunum. It seems likely that, in 

this case, the mucosal permeability is rate limiting (Figure 7), 

unlike the case for Crohn’s disease where the capillaries are 

limiting, and the net albumin leak rate (J
Alb

) is described by:

 
J P S CAlb Epith Epith Tis=  (9)

where P
Epith

 and S
Epith

 are the permeability and surface area, 

respectively, of the affected mucosa and C
Tis

 is the interstitial 

albumin concentration.

Figure 4 shows the distribution of αAT clearance in 

untreated and treated celiac patients (data from Bai et al18). 

The clearance is significantly increased in most patients, 

varying from 20 to 90 mL/day, similar to but less than in 

severe Crohn’s disease. In celiac patients treated with a gluten-

free diet, the αAT clearance returns to normal (Figure 4). 

Again, one would expect the increased permeability to be 

bidirectional, and Figure 6 shows the ratio of the lactulose/ 

l-rhamnose permeability for treated and untreated celiacs 

(data from Stenhammar et al92). (These ratios have been scaled 

in  Figure 6, so that the normal lactulose/l-rhamnose ratio is 

equal to that of the normal lactulose/mannitol ratio in the 

Crohn’s disease study.) Again, the increase in the lactulose per-

meability in celiac patients has a quantitatively similar distri-

bution as the increased αAT clearance (compare Figures 4 and 

6). This strongly suggests that the breakdown of the mucosal 

permeability barrier has a large enough pore size that it does 

not discriminate between lactulose and αAT (or albumin) and 

the magnitude of the leak is presumably proportional to the 

fraction of tight junctions that are defective (P
Epith

) and the 

surface area of the intestine that is involved (S
Epith

), as shown 

in Equation 9. Direct evidence for the relative nonselectivity of 

Figure 6 The lactulose/mannitol permeability ratio in Crohn’s and celiac diseases. 
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the leak in celiac disease is provided by measurements of the 

rate of leak of IV-injected 125I-PVP using the same techniques 

described above for Crohn’s disease.82 The loss of the normal 

size selectivity in celiac disease was nearly identical to that 

in Crohn’s, with only about a 10-fold difference in clearance 

between the smallest (8,000) and largest (80,000) PVP and, 

in the size range of about 40,000–80,000, there was almost 

no size discrimination.

More than 20 other diseases are usually placed in this 

category of diseases without mucosal erosions.1 We will dis-

cuss two of these in order to illustrate the markedly different 

pathologies in this category. Patients with active Whipple’s 

disease often have severe PLE that is responsible for marked 

hypoalbuminemia with a C
P
 of <2.5 g/dL and GI albumin 

clearance 20 times greater than normal.93 Although the villi 

in these patients may be markedly abnormal and distended 

by large lipid droplets, the epithelial layer appears intact 

and there is no obvious site of protein leakage.94 Similarly, 

although rare, SLE can be associated with severe PLE with 

αAT clearance of 800 mL/day (100 times normal) and a C
P
 

of 1.5 g/dL.95,96 As demonstrated by 99mTc scintigraphy, the 

leak in SLE occurs over most of the small intestine.96 Small 

bowel biopsies in SLE patients with PLE may show mild 

mucosal edema and inflammatory infiltrate, but otherwise 

they are relatively normal with no evidence of mucosal ulcer-

ation or lymphangiectasis.95 Greenwald placed Whipple’s 

and SLE in both the “nonerosion” and “increased lymph 

pressure” classes. This latter classification is because of the 

lymphopenia and dilated intestinal mucosal lymphatics seen 

in Whipple’s disease93 and the systemic edema along with 

the appearance of lymphangiectasis and intestinal mucosal 

edema on biopsy in some, but not all, SLE patients.96 How-

ever, since neither Whipple’s93,97,98 nor SLE96,99 patients have 

the reduced CD4 counts that are characteristic of lymphatic 

leaks (see above), it seems unlikely that their PLE mechanism 

is the result of ruptured lymphatics.

These three diseases (celiac, Whipple’s, and SLE) are 

typical of the diseases in this class in that, although there 

Figure 7 Schematic diagram of the PLE occurring in diseases without mucosal erosions. 
Notes: It is assumed that the increased permeability results from a defect in the epithelial tight junctions. The epithelium is the rate-limiting step in the albumin leak and the 
interstitial albumin (CTis) is greater than that in the lumen (CLumen=0).
Abbreviation: PLE, protein losing enteropathy.
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may be some pathologic changes in the mucosa, the epithelial 

permeability barrier appears intact at the light microscopic 

level. This has led to the standard assumption of some sort 

of tight junction defect that allows relatively free passage 

of molecules as large as albumin (Figure 7). Clayburgh et 

al100 have discussed the evidence that tight junctions are 

dynamic structures whose permeability can be altered by 

bacterial infection or inflammatory immune responses. The 

immature cells in the crypts of normal mucosa occasionally 

have disorganized tight junction strands that disappear as the 

cells mature. Because of the shortened lifetime and increased 

turnover of the cells in celiac disease, there is a significantly 

increased fraction of this disorganization and an increase in 

the number of strand discontinuities.101,102 However, it should 

be emphasized that these changes are relatively minor and 

that there is no direct evidence that the leak occurs through 

tight junctions. A later section describes some experimental 

models that suggest that tight junction pathology can lead to 

PLE analogous to that seen, for example, in celiac disease.

Gastric PLE
Menetrier’s disease (hypoproteinemic hypertrophic gastropa-

thy) was the first disease entity in which PLE was documented 

and quantitated.103 It is characterized by massive hyperplasia 

of the surface and mucus cells, with grossly enlarged folds in 

the fundus and body of the stomach. Although, as the name 

implies, hypoproteinemia (albuminemia) is a defining feature 

of the classical syndrome, patients can present with similar 

gross pathology without the PLE, and it is not clear if these 

cases represent completely different diseases.104 Meuwis-

sen et al105 emphasize the importance of documenting the 

decreased acid secretion that is characteristic of Menetrier’s, 

in order to distinguish it from Zollinger–Ellison syndrome. 

The etiology is unknown, although there have been sugges-

tions of associated infections such as Helicobacter pylori, 

herpes simplex virus, or cytomegalovirus.106 Efficacy of 

treatments with H. pylori eradication, antibiotics, predni-

sone, and octreotide is inconsistent.106 Although increased 

epidermal growth factor (EGF) ligands have been implicated 

in its pathology, treatment with EGF-blocking monoclonal 

antibodies has been disappointing.107,108 The only definitive 

treatment is gastrectomy, which relieves all the symptoms, 

including hypoproteinemia. There is a nearly identical PLE 

disorder in children that, unlike the adult form, is acute, 

resolves spontaneously, and has a strong association with 

cytomegalovirus infection.109

The PLE in Menetrier’s is clearly localized to the stomach. 

The early studies of Citrin et al103 and Jarnum and Jensen110 

measured the appearance of iodine-labeled albumin and/or 

globulin in the stomach using extended periods of continuous 

gastric aspiration and compared this to measurement of total 

body albumin or globulin clearance. These are underesti-

mates because of the rapid proteolysis that occurs in gastric 

secretions (hence the incentive for the later development of 

the Cr51-albumin technique). This proteolysis is variable and 

is decreased in patients with achlorhydria.110 Despite this 

underestimate, most of the increased albumin turnover in 

the Menetrier’s subject could be accounted for by the gastric 

loss. For example, in one patient studied by Citrin et al,103 

the total albumin turnover was 17.6 g/day (7.1 g/day greater 

than the normal value of 10.5 g/day) and the concentration 

of 131I albumin in the 2 L/day of aspirated gastric juice was 

4 g/L, corresponding to a gastric loss of 8 g/day. Jarnum and 

Jensen110 found that the rate of gastric albumin loss into the 

aspirate was four times greater when secretion was stimu-

lated with histamine versus hexamethonium inhibition. Also, 

Reinhart et al111 observed a similar 4-fold increase in 51Cr 

secretion above the basal level with IV pentagastrin, indicat-

ing that albumin loss is directly related to the secretion rate. 

Following IV administration of 51Cr-albumin in Menetrier’s 

subjects, Florent et al21 compared the total GI protein loss 

determined from daily fecal 51Cr to the gastric 51Cr loss in a 

90-minute gastric aspirate. They found that the gastric loss 

(extrapolated to 24 hours) represented about half the total 

daily GI loss. However, since the aspiration is by necessity 

in fasting subjects with reduced gastric secretion rates, this 

discrepancy is not surprising.

The major new development in the field of Menetrier’s 

is its association with EGF receptor ligands such as trans-

forming growth factor α (TGF-α).112 Enhanced production 

of TGF-α has been found in Menetrier’s subjects.112 More 

convincingly, transgenic mice overexpressing TGF-α develop 

severe gastric adenomatous hyperplasia that is strikingly 

similar to Menetrier’s.113 Unfortunately, treatments of the 

Menetrier’s with TGF-blocking monoclonal antibodies have 

had only limited success.107,108 The transgenic mice produce 

increased mucus-laden secretions, but do not secrete albumin. 

As discussed above, there is a human variant of Menetrier’s 

that is not associated with PLE; thus, the protein loss is not 

of necessity associated with the gross pathologic features 

that characterize Menetrier’s.

The mechanism of the gastric protein loss in Menetrier’s 

is uncertain. One can rule out a lymphangiectasia mechanism 

because Miura et al114 carried out lymphographic studies 

in four Menetrier’s patients and found either no pathology 

or only minor local changes. There are no obvious gastric 
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 erosions or ulcers; Greenwald1 puts it in the “Diseases with-

out erosions” category and it is usually assumed that there 

is a tight junction leak, similar to the mechanism described 

above for cystic fibrosis. Consistent with this, Oderda et al115 

reported that the gastric epithelial tight junctions’ width is 

increased from the normal 7.43 nm to about 10 nm. As dis-

cussed above for celiac disease, even if this small increase 

in tight junction width was enough to markedly increase 

the epithelial albumin permeability, the leak would still be 

limited by the relatively low normal albumin permeability 

of the gastric capillaries (Figure 7). It seems unlikely that 

the massive protein leaks seen in some cases of Menetrier’s 

(clearances of 300–600 mL/day) could be explained by this 

small increase in gap junction width. Kelly et al116 measured 

both gastric albumin clearance (continuous gastric aspira-

tion after IV 51Cr-albumin) and gap junction width in seven 

Menetrier’s patients. The severity of the PLE as determined 

by serum albumin (C
P
) was strongly correlated with the 

gastric albumin loss. For example, the patient with a C
P
 that 

was half normal had a huge gastric albumin clearance of 800 

mL/day, while three patients with nearly normal C
P
 had only 

slightly increased albumin clearance. It is of interest that all 

the seven patients had the same increase in tight junction 

width, that is, this width was not correlated with the degree 

of gastric PLE, again suggesting that this may not be the leak 

mechanism. Also, Jarnum and Jensen110 found that IgG and 

albumin had similar rates of gastric clearance, which would 

not be expected for sieving through 10 nm tight junctions 

because IgG is about twice the size of albumin. Menetrier’s 

is characterized by a massive increase in mucus secretion 

and there may be some sort of coupling between secretion 

and albumin loss.

The only other disease in which gastric PLE has been 

implicated comes from the studies of Becheur et al117 in 26 

patients with alcoholic cirrhosis. They measured gastric clear-

ance of αAT using the method of Florent et al22 described 

above (continuous gastric aspiration with concomitant IV 

cimetidine to reduce αAT proteolysis). Although there was no 

significant difference from control for the group as a whole, 

three subjects had mildly elevated gastric clearances of 68, 

98, and 157 mL/day. All three patients had severe hypoalbu-

minemia, less than half normal, which, as discussed above, 

would require total GI clearances of at least 240 mL/day if 

they had normal liver function. Thus, even in the subjects with 

the highest loss rate, the gastric GI loss is not large enough 

to explain the decreased serum albumin and some other fac-

tor, for example, decreased hepatic albumin synthesis, must 

also be present. The mechanism of this increased gastric 

clearance is not clear. Presumably, the increased portal vein 

pressure in these cirrhotics leads to some pathologic break 

in the epithelial barrier.

Genetic and animal models of PLE
The most exciting area of investigation of PLE concerns 

the physiologic role of heparin and its possible therapeutic 

implications. Interest in heparin originated in 1997 with 

the report of Donnelly et al118 that IV heparin (10,000 units 

every 12 hours) dramatically reversed PLE in three patients 

post-Fontan procedure. Subsequent studies have not sup-

ported this observation. Although there have been scattered 

reports of the effectiveness of heparin in the treatment of 

PLE in Crohn’s disease and ulcerative colitis,119,120 there have 

been many negative studies.121 Nevertheless, interest in this 

area was rekindled in 2008 by the report of Bode et al122 of 

a series of in vitro and in vivo mouse studies that clearly 

demonstrate the importance of heparin and heparan sulfate 

proteoglycan in modifying intestinal permeability. They 

used 51Cr-albumin and αAT to measure in vivo protein loss, 

with both methods giving nearly identical results. Knockout 

of syndecan-1, the predominant heparan sulfate proteogly-

can on the basolateral surface of intestinal epithelial cells, 

increased the rate of protein leak by a small (about 2-fold), 

but statistically significant, amount. Combining the knockout 

with inflammatory cytokines (e.g., tumor necrosis factor 

[TNF]-α and interferon-γ) and/or increased venous pressure 

produced a synergistically greater leak. (TNF-α in wild-type 

mice produced about a 3-fold increase in protein leak.) Daily 

injections of high-molecular weight heparin reversed most 

of this increased leak. As a possible human analog of this 

knockout, Murch et al123 described three infants with mas-

sive congenital PLE who had a marked absence of heparan 

sulfate glycosaminoglycans on the enterocyte basolateral 

membrane. These results along with more recent results124 

showing the importance of  syndecan-1 in regulating intesti-

nal permeability demonstrate that defects in tight junctions 

can partially mimic the increased permeability seen in PLE 

diseases without mucosal erosions (e.g., celiac disease).

There are a number of other rare genetic diseases that 

manifest as severe diarrhea with PLE and hypoalbumin-

emia in infancy. Both microvillus inclusion disease125 and 

congenital tufting enteropathy126 have major defects in the 

enterocytes, unlike what is seen in noncongenital acquired 

PLE described above. In contrast, the epithelium has a 

relatively normal appearance in the PLE associated with the 

recently described DGAT1 mutation that disrupts an intestinal 

epithelial luminal membrane transferase protein involved 
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in triglyceride absorption.127 The epithelium is completely 

normal in the PLE resulting from the “plasmalemma vesicle 

associated protein” mutation that produces a massive break-

down in the fenestrations in epithelial capillaries, preventing 

normal water absorption.128 None of these genetic diseases 

seem to be useful models of the pathology involved in the 

usual clinical forms of PLE.

More than 60 animal models of IBD have been described 

using a range of approaches, including chemical irritants, 

immune antigens, and genetic alterations.100,129 However, 

these models are not useful for the purposes of this review in 

that they focus on the factors involved in the induction of IBD 

with little attention directed to understanding the physiology 

of the PLE mechanisms associated with the inflammation.

Summary and discussion: clinical 
implications of PLE
As evidenced by the foregoing, PLE is a complex, relatively 

common entity that occurs in a variety of GI as well as 

non-GI conditions. Thus, it is surprising that many, if not 

most, practicing physicians are unaware of PLE, and many 

who are familiar with the existence of this problem are not 

aware that it can be relatively easily diagnosed and quantified 

via αAT clearance measurements. This lack of awareness 

presumably reflects the fact that PLE is not a disease, but 

rather a phenomenon that “silently” complicates a variety 

of diseases. Treatment is almost always directed at correc-

tion of the underlying condition. Only very rarely, such as in 

some intestinal lymphagiectasis or post-Fontan procedures, 

is treatment specifically directed towards reducing the PLE.

Given the lack of general awareness of PLE, it is worth-

while to review the accepted and potential clinical value of 

measurements of protein loss into the gut lumen. Since PLE 

has been reported to occur in 60 different conditions, the find-

ing of PLE usually does not aid in the diagnosis of any given 

disease. A potential diagnostic usage of PLE measurements 

might be as a screening tool to differentiate irritable bowel 

syndrome (IBS) from all other maladies of the GI tract, with 

excessive loss of protein excluding IBS. However, while it 

is commonly assumed that intestinal protein permeability 

is normal in IBS, there have not been any systematic mea-

surements of PLE in IBS. Increased permeability to small 

molecules (i.e., lactulose) has been described in IBS130 and, 

since PLE occurs in diseases with anatomically normal-

appearing mucosa, it is not a foregone conclusion that IBS 

patients do not have PLE.

Suspicion of the existence of PLE is usually prompted 

by the finding of marked hypoalbuminemia not attributable 

to liver disease. As discussed, relatively enormous  elevations 

of the normal gut protein loss are required if PLE is to be 

deemed the sole source of very low albumin levels. For 

example, to account for a 50% reduction of normal serum 

albumin if all other aspects of albumin kinetics remain nor-

mal, there needs to be an increase in the GI clearance equal to 

the normal total clearance, corresponding to a total GI protein 

loss of about 5.61 g/day (refer Equation 5). This would require 

a gut clearance of albumin of about 255 mL/day, roughly 

17 times the normal mean intestinal albumin clearance of 

15 mL/day. As discussed, if the normal albumin homeostatic 

mechanisms come into play, even greater gut clearances 

would be required (Figure 2). The quantitative relationship 

between serum albumin and PLE has been investigated in two 

papers. Waldmann et al15 found that PLE (assessed by fecal 

excretion of 51Cr-albumin) almost perfectly accounted for the 

hypoalbuminemia observed in patients with not very well-

delineated disease states. The only other large screening study 

of PLE is the αAT clearance measurements of Strygler et al20 

in 87 patients selected for evaluation of “chronic idiopathic 

diarrhea, malabsorption, or hypoalbuminemia of unknown 

origin”. If, as discussed previously, the true GI albumin clear-

ance (Cl
GI

) was twice the αAT clearance, PLE Cl
GI 

could also 

account for most of the observed hypoalbuminemia in the 

Strygler et al20 subjects, although the correlation was not as 

strong as Waldmann et al15 found using 51Cr. The finding that 

gut losses could roughly account for the low serum albumin 

of the subjects in these two studies raises the question as to 

how often unrecognized gut protein losses, subtle to massive, 

are responsible for reductions in serum albumin observed 

in patients with a variety of diseases that seemingly do not 

involve the bowel. For example, two likely candidates of com-

mon pathologies that might have associated PLE are chronic 

heart failure and cirrhosis. However, as discussed above, 

although PLE has been reported with these two diseases, it 

is a rare and unusual occurrence.

A number of studies have assessed PLE in inflamma-

tory bowel disease (IBD), primarily Crohn’s disease. While 

very sizable PLE has been noted with both 51Cr-albumin and 

αAT measurements, there is a surprising lack of correlation 

between protein loss and disease activity with PLE often 

observed in inactive disease.19,131 In addition, PLE measure-

ments had only limited success in predicting relapse of quies-

cent disease.132 Thus, it appears that αAT excretion offers no 

advantages over the much simpler measurements of disease 

activity presently in use, such as the C-reactive protein and 

the erythrocyte sedimentation rate.

One aspect of PLE in Crohn’s disease that merits study 

is the possibility that the magnitude of PLE influences the 

efficacy of therapy with anti-TNF globulins. The serum 
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half-time of the anti-TNF agents is reduced in severe Crohn’s 

disease and this reduction in half-time correlates with low 

serum albumin levels.133 In addition, PLE in very active 

Crohn’s is sufficient to materially alter the normal 7–10-day 

half-time of infliximab. As discussed above, there is very 

little size selectivity in PLE, with albumin and IgG having 

similar leak rates. Thus, it seems possible or even likely 

that gut loss plays a major role in the more rapid turnover 

of anti-TNF globulins observed in severe Crohn’s disease. 

Brandse et al134 measured infliximab concentrations in the 

feces of patients with ulcerative colitis. While frequently 

detectable immediately after the infusion, infliximab con-

centrations were neither quantitatively sufficient to account 

for a reduced half-time of this compound nor was there a 

significant correlation between the fecal concentration and 

the observed half-time. These findings do not rule out an 

appreciable role of PLE in infliximab turnover since this 

compound could be rapidly and variably destroyed in the 

fecal stream. Also, the measurement of fecal concentration, 

rather than daily excretion, might have obscured meaningful 

correlations between gut loss and serum half-times. Study 

of the relationship between αAT clearance and infliximab 

turnover would provide more reliable, albeit indirect, infor-

mation on the relationship between PLE and infliximab loss 

into the gut. The finding of a significant correlation between 

PLE and infliximab concentrations could be used as the basis 

for greater or more frequent dosing with anti-TNF agents in 

patients with high αAT clearances.

Finally, there is an unexplained strong correlation between 

mortality of apparently healthy subjects and their serum 

albumin concentrations, even when the serum albumin is 

well within the accepted normal range (>3.5 g/L).2 This 

observation raises the totally unexplored questions of whether 

PLE could account for this relative hypoalbuminemia and, 

if so, could the mechanism responsible for PLE play a role 

in the increased mortality. For example, the above described 

increase in PLE observed with TNF-α administration122 in 

experimental animals suggests that the release of inflamma-

tory cytokines could provide a potential link between PLE 

and increased mortality of seemingly healthy subjects. The 

increases in PLE required to produce the modest hypoalbu-

minemia associated with the increased mortality are predicted 

by Equations 4–6 and plotted in Figure 2. For example, gut 

albumin clearance would have to increase from about the 

normal value of 15 mL/day to at least 40 mL/day (Equation 5) 

to account for a serum albumin decline from 4.5 to 4.1 g/dL.  

Several studies of PLE in groups of “normal” controls 

found that there were outliers who might have this level of 

PLE,17,20,131 particularly if αAT clearance is only half the true 

clearance as a result of the intestinal proteolysis discussed 

above. Although no such study is likely to be performed, the 

“dream” study would compare the serum albumin concen-

trations of healthy subjects with their fecal αAT clearance 

obtained following administration of high-dose protein pump 

inhibitor and polyethylene glycol to minimize gastric and 

intestinal destruction of antitrypsin, respectively. Such a study 

would provide the first, presumably, accurate assessment of 

the true intestinal αAT clearance in “healthy” individuals 

and its possible correlation with variations in serum albumin.
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