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Reabsorption of sodium in the proximal renal
tubule in cirrhosis of the liver
L. CHIANDUSSI, E. BARTOLI', AND S. ARRAS

From Istituto di Patologia Speciale Medica e Metologia Clinica dell'Universita di Sassari, Sassari, Italy

SUMMARY Proximal tubular reabsorption was examined in patients with liver cirrhosis and ascites
by a variety of indirect methods. Maximal diluting ability, urine flow rate, and free water clearance
were reduced. During frusemide administration V/GFR was lower than in normal control subjects,
indicating that proximal fractional reabsorption is enhanced in liver cirrhosis. This, by reducing
Na delivery to the loop of Henle, impairs maximal urine osmolality. Mannitol, by reducing pro-
ximal reabsorption, restores availability of Na to the loop and urine concentrating ability during
osmotic diuresis, whereas volume expansion with dextran was ineffective. This could be due to a
persistent increase in renal vascular resistance preventing the rise in interstitial pressure responsible
for driving fluid back into the proximal tubular lumen.

The clinical course of cirrhosis of the liver is punctu-
ated by frequent episodes of Na retention with
accumulation of ascites. Although hyperaldosteron-
ism plays a prominent part in the formation of Na
free urine (August et al., 1958), other factors must
account for oedema formation in cirrhosis of the
liver. Fluid retention despite diuretic therapy
(Vesin, 1972), the appearance of refractory ascites
(Eknoyan et al., 1970), rapid progression of side-
effects, and portal encephalopathy during forced
diuresis (Sherlock et al., 1966) may also occur.

Earley and Martino (1970) proposed that Na
reabsorption in the proximal tubule is enhanced in
cirrhosis of the liver for any given value of Pupita
filtration rate (Earley et al., 1966; glomerular et al.,
1963b). These studies, performed with the technique
of distal blockade (Earley et al., 1966; Bartoli et al.,
1968c), strengthened previous suggestions, based
upon indirect experiments, that there was reduced
diluting ability (Papper and Saxon, 1959) and
impaired renal concentration correctable by man-
nitol (Pupita et al., 1963b), which lowers proximal
Na reabsorption (Gennari and Kassirer, 1974).
In addition, the administration of aldosterone to
normal subjects did not reproduce the features of
cirrhosis of the liver, indicating that factors other
than aldosterone were important (Pupita et al.,
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Patologia Speciale Medica e Metodologia Clinica, Viale San
Pietro 12, Sassari, Italy.

1963a). The concept that proximal tubule reabsorp-
tion may be increased in cirrhosis of the liver is
supported by haemodynamic measurements which
demonstrate that renal vascular resistance is increas-
ed: the kidney has a lower rate of perfusion than in
normal subjects (Greco et al., 1967); this increased
vascular resistance is not affected by intra-arterial
injection of powerful vasodilators (Lancestremere
et al., 1962).
As increased renal vascular resistance may well

enhance proximal Na reabsorption (Earley and
Martino, 1970), renal pathophysiology in cirrhosis
of the liver may be summarised as follows (Schedl
and Bartter, 1960): delivery of fluid and Na out of
the proximal tubule is decreased because of reduced
proximal filtration rate and/or increased fractional
reabsorption along the proximal tubule. Conse-
quently, less Na is available to the loop of Henle,
which will transport a smaller amount of solutes from
lumen to medullary interstitium, thus impairing
urine concentrating and diluting ability: the latter is
partially counterbalanced by increased Na re-
absorption by the distal tubule. While this summary is
consistent with most of the data available in the
literature, the cause of increased proximal tubule re-
absorption is obscure. Transepithelial transport across
the proximal tubule is thought to depend upon the
volume of extracellular fluid, falling sharply when
this is expanded (Bartoli and Earley, 1971). As
extracellular fluid volume is certainly expanded in
cirrhosis of the liver, it has been proposed that the

497

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.19.6.497 on 1 June 1978. D

ow
nloaded from

 

http://gut.bmj.com/


L. Chiandussi, E. Bartoli, and S. Arras

volume sequestered as ascites cannot act as a stimulus
controlling renal Na reabsorption, which would be
dependent upon the status of extracellular fluid in
sites other than the peritoneal space. However,
estimates of this space do not indicate that it is
consistently decreased in cirrhosis of the liver
(Ruol et al., 1962). As Na reabsorption may depend
upon renal haemodynamics, it has been suggested
that a fall in cardiac output would result in an
increased secretion rate of catecholamines (Braun-
wald et al., 1966) and stimulation of the renin-
angiotensin axis (Reid et al., 1972): the consequent
renal vasoconstriction will then cause increased
reabsorption ofNa by the proximal tubule. However,
cardiac output is often found to be raised in
cirrhosis of the liver (Traverso et al., 1966). This is
one of the reasons why the term effective cardiac
output is used to refer to the amount of the cardiac
output which perfuses peripheral tissues. The
presence of arteriovenous fistulas in cirrhosis of the
liver may contribute to a hyperkinetic state, in-
creased venous return, and increased volume of
blood pumped by the heart per unit time in the face
of reduced peripheral tissue perfusion ;(Vesin, 1972).
Alternatively, the presence of massive ascites may
interfere with venous return (Guazzi et al., 1975).
Our studies are aimed at clarifying the data relating
to renal pathophysiology and proximal tubule
reabsorption in cirrhosis of the liver.

Methods

plasma (P); urine flow rate (V), free water (CH2O),

osmolarclearance (Cosm = p. V) and free water

clearance (CH20 = V - Cosm) were calculated and
expressed in ml/min.

Maximal concentrating capacity
Maximal concentrating capacity was tested by
water deprivation followed by mannitol as previously
described (Pupita et al., 1963b) Calculations were
as above except that free water (CH2O) was
negative and indicated as TCH2O. Lastly,
three patients underwent a test of maximal
diluting capacity. When the peak rate of urine
flow had been reached and clearance periods collect-
ed as described above, plasma volume was acutely
expanded by the rapid infusion of an isotonic solution
containing 6 g% of dextran (molecular weight
70 000 Daltons) at a rate of 20 ml per minute on top
of hypotonic maintenance infusions. During the last
20 minutes of dextran infusion, when 750 ml had
already been injected, two clearance periods were
repeated. Means and standard deviations were
computed, linear regressions were calculated by least
square methods, significance between slopes and
intercepts were performed by covariance analysis,
and between means by paired and unpaired t
tests (Snedecor and Cochran, 1972).

Results

SUBJECTS STUDIED
Studies were carried out on 25 patients with biopsy
proven cirrhosis of the liver and ascites. The results
were compared with those obtained in 33 control
subjects, studied in the same way. Maximal diluting
capacity was studied in 20 patients using previously
reported techniques (Bartoli et al., 1968a), and the
results compared with those obtained in the control
group. Five patients and five control subjects were

studied during water deprivation, before and during
mannitol infusion.

Maximal diluting capacity
Maximal diluting capacity was tested by administer-
ing 30 ml distilled water per kg body weight and then
infusing maintenance hypotonic fluids intravenously
at a rate equal to peak urine flow rate while collecting
two to four consecutive clearance periods. These
were repeated 15 minutes after the injection of 40
mg frusemide intravenously to suppress Na re-

absorption along the loop of Henle. Glomerular
filtration rate was calculated by 10 minute creatinine
clearance; Na, K, osmolality (mOsm/kg) were

measured by standard methods in urine (U) and

The Table shows the diluting and concentrating
capacity of the kidney in cirrhosis of the liver
compared with control subjects. All measured
variables are abnormal in cirrhosis of the liver:
glomerular filtration rate is reduced, CH2O iS sig-
nificantly lower than normal (7 2 ± 7-1 vs 13-0 +
3-7 ml/min, P < 0-01) despite lower solute excretion
indicated by Cosm (3-0 ± 14 vs 3 8 ± 2 4,p > 0 05)
while minimal urine osmolality is increased and Na
excretion significantly reduced (Table): these data
indicate that fractional reabsorption of Na by the
whole kidney is increased. This cannot be attributed
to the distal tubule, where an increased amount of
free waterwould be generated, while, in fact, measure-
ments show a depression. However, if enhanced
distal tubular reabsorption were coupled to back
diffusion of a volume of free water per unit
time higher than normal per 100 ml of GFR, it would
still be possible to reconcile increased distal re-
absorption with reduced diluting ability. The
alternative explanation is that proximal isotonic
transfer represents a higher percentage of GFR,
thereby reducing the amount of Na delivered to the
diluting segments of the nephron. If the former
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Table Means and standard deviations from patients with liver cirrhosis and normal control subjects

GFR
111-2
±22 5
60-2

±38-2
<0-001
V

6-3
±1-5

5-6
±1-7
> 0-05
GFR

18-8
33 5
28-8

45-.
35.5
27-6

V/GFR
34-1

± 7-4
21-7

±11*0
< 0-001

Cosm
11-4
±2-2
9.7

±2-7
>0-05
V

0-28
3-25
4 30

0 77
2-80
5-00

A VIGFR
20-3
±7-0
9.5

±9-0
< 0-001
TCH,o

5-2
±09
4 2

±1-7
>0-05
Cosm

0 58
0-66
2-80

1 59
0-55
3 00

CosmlGFR
27-2
±6-7
16-8
±8-4
< 0-001
Uosm mx
1233
±214
710

±116

CH,o

-0-30
2 57
1 50

-0-82
2 25
2-00

CH,o/GFR
7 0

±3-1
4-8

±3-5
< 0-05
Na ex.
528
±80
255
±12

V/GFR

2-4
9.5
15-0

1-7
7.9
18-1

Uosm min
70

±20
152

±141
<0-05

Na ex

2465
± 1861

945
± 855
< 0-01

CosmlGFR CH,o/GFR

3-8
2-0
9-8

3-5
1-5

11-2

-1-4
7-5
5-2

- 1-8
6-4
6-9

Part A: maximal diluting ability both before (Uosm) and after frusemide. Part B: water deprivation both before and during mannitol diuresis
(before mannitol only Uosm is reported). Other variables refer to mannitol diuresis. Part C: three patients (a, b, c respectively) before (top) and
immediately after (bottom) plasma volume expansion with dextran.
V = baseline peak urine flow rate; VF = peak urine flow rate measured during frusemide; AV = VF - V; Cosm = osmolar clearance;
TCH,o = free water clearance; GFR = glomerular filtration rate; all these variables are in ml/min. Urine osmolality in mOsm/kg = Uosm
minimal (min) or maximal (mx); Na ex = Na excretion in (mnol) mEq/min; n = number of patients.

V\i/min
CIRRHOSIS (LC *)
y= 2.5+ .18X
r=.so

42 p< 02
n=20

0
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36 y=l.1+ .20 X

r=.49
p<.05
n=l6 0°

30

24
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0 O
0

0 /-

.
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0
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Y= 4.0 .27X
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n=37

Fig. 1 In abscissa GFR
(ml/min), in ordinate urine
flow rate (ml/min) measured
during the action offrusemide
superimposed on maximal
water diuresis. Patients with
cirrhosis 0; Normal subjects
0. The broken line indicates
the regression equation
calculated by combining NC
with patients with chronic
renal failure (CRF).

.
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A
Control subjects
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P
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possibility were correct, then the increment in urine
flow measured during blockade of distal reabsorption
obtained with frusemide should represent a larger
fraction of glomerular filtration rate than in normal
control subjects. Conversely, the latter interpretation
would predict that urine flow as a fraction of GFR
is reduced in cirrhosis of the liver; this volume is
thought to represent fluid delivery out of the
proximal tubule which would be diminished by
enhancement of fractional reabsorption of filtrate
across proximal epithelium. The Table, A, shows
that both predictions are met, as V/GFR, measured
during administration of frusemide, is significantly
lower in cirrhotic patients than in control subjects
(21-7 ± 11 0 vs 34 1 + 7 4, p < 0 001); AV/GFR
is also significantly lower (9 5 ± 9 0 vs 20-3 + 7 0,
P < 0-001).

In Fig. 1, peak urine flow rates measured during
frusemide administration are plotted against the
respective GFR values: the slope obtained in
cirrhotic patients is not significantly different by
covariance analysis from that obtained in control
subjects (F = 0.95, p > 0-05); however the inter-
cept is clearly different (F = 22-2, p < 0 01). The

50 -

40-

30

20 -

10 -

0

3.5

3.0 -

2.5

-1.0

1.5

1.0 _

GFR mi/min

before

5 V Ml/
bef c

4

3

2

1
0
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values obtained in control subjects do not cover the
full range as they do in those with cirrhosis of the
liver. To cover the whole range the data from
healthy subjects were pooled with those obtained in
patients with chronic renal failure, who have the
same average fractional reabsorption after frusemide
(V/GFR = 34-1 ± 7-4 vs 40-1 ± 12-3, p > 0 05):
the slope now obtained is different from that ob-
tained in cirrhosis of the liver (F = 8-65, p < 0 01).
The Table, B, shows that while maximal urine

osmolality is lower in cirrhosis of the liver, maximal
Na transport by the loop of Henle, as estimated by
negative free water clearance, is normal during
mannitol diuresis. In these circumstances distal Na
reabsorption is still high, resulting in reduced natri-
uresis in patients as compared with control subjects.
The Table, C, and Fig. 2 show the data obtained

in three patients where rapid expansion of plasma
volume, achieved by dextran infusion, resulted in no
detectable change in free water clearance and urine
flow rate, while in one patient glomerular filtration
rate rose following priming of his contracted vascular
volume. In this patient there was no change in
urine flow and CH2O.

Fig. 2 GFR (ml/min), V
(ml/min), Cosm (mil/min), and

re CH2 0 (ml/min) in three
0 patients duration maximal

water diuresis (ordinate),
O / plotted against the values

measured on the same patients
after acute volume expansion
by dextran infusion, shown on
the abscissa.
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Discussion

Only a few methods are available for examining
proximal Na reabsorption in humans in vivo.
The most reliable is probably the technique of distal
blockade with frusemide (Earley et al., 1966; Bartoli
et al,, 1968c), which inhibits chloride (and, therefore,
Na and water) reabsorption along Henle's loop
(Rocha and Kokko, 1974) and collecting ducts.
When measured by this method, proximal rejection
represents 34-1 ± 7-4% of GFR in normal subjects,
a figure significantly higher (p < 0 01) than that of
21 *7 ±11 0% ofGFR in patients with cirrhosis of the
liver and ascites. Figure 1 shows that there is a linear
relationship over a wide range of GFR values be-
tween urine flow and filtration rates in cirrhosis of
the liver. In normal subjects the slope is the same as
in cirrhosis of the liver, but there is a significantly
higher intercept. Unfortunately, low glomerular

0 Ns8 WATER

10- 35 30 25 ml
290 4, 290 100 70

, **o~14 1SO 25 mEI

20 X 5 5100

9112° 750 _

H20 1000l

filtration rates cannot be measured in normal
subjects.
By combining data obtained in patients with

chronic renal failure, whose average fractional
rejection of filtrate in the proximal tubue does not
differ from normal, we can provide a full range
of GFR values, from nearly zero to above 100
ml/min. The slope calculated from these pooled
data indicates that 27% of filtered Na and water
escape proximal reabsorption in normal subjects
(Fig. 1, broken line), a figure significantly above that
measured in cirrhosis of the liver, although com-
patible with direct measurements in experimental
animals (Bartoli and Earley, 1971). Thus, both
regression equations showthat proximal reabsorption
is enhanced in fractional terms in liver disease,
although absolate reabsorption is lower, on average,
because of the reduced rate of glomerular filtration.

This conclusion is supported by the impaired

DIURESIS

so50
10

NORMAL
MANNI TOL

LIVER CIRRHOSIS
DIURE SIS

H20 Na

200 so so
Na,H20 _310 - H0 20

20 70~~ ~ ~~~~~~4

480
29

Fig. 3 Diagrammatic summary of results in control subjects and in liver cirrhosis during water or mannitol diuresis.
The values are taken from Table 1. The numbers within the lumen represent, from top to bottom, rate of
filtration osmolality and sodium concentration. Passive back flux in the proximal tubule is indicated by the broken
arrows. The interstitial osmolalities in the renal medulla are shown. The arrows have a thickness roughly
proportional to sodium transport.
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concentrating ability, due to reduced delivery of Na
to the loop of Henle. Alternatively, maximal Uosm
may be low in cirrhotic patients because of high
medullary blood flow (Zuin et al., 1976), and the
consequent wash-out of interstitial solutes (Velasquez
et al., 1973). Mannitol, by increasing medullary
blood flow in normal subjects, could abolish the
difference between them and cirrhotic patients.
The table suggests that the reduced free water
formation must be attributed to excessive fractional
Na reabsorption in the proximal nephron. Figure 2
shows that expansion of plasma volume produced
no change in free water and osmolar clearances,
indicating that delivery from the proximal tubule
had remained stable during dextran infusion

Apparently, while in two cases proximal rejection
of filtrate did not change because GFR remained
constant, one patient showed a striking increase in
GFR which was not associated with any detectable
variation in Na excretion and reabsorption. Such
patients are refractory to manipulations of plasma
volume, unlike normal subjects and experimental
animals (Lambert et al., 1973). However, proximal
reabsorption appears to be inhibited by mannitol in
patients with cirrhosis presumably as a result of
lowering of Na concentration within the tubular
lumen to a minimum value below which Na trans-
port cannot continue. Enhanced Na transport in the
proximal tubule of patients with cirrhosis of the liver
may then be mediated through the inhibition of
passive back-flux into the tubular lumen that con-
trols net transfer of fluid (Earley et al., 1972).

Proximal reabsorption is an active process, while
back flow from capillary blood into the lumen
through the tight junctions is due to Starling forces.
In liver cirrhosis the increased renal vascular re-
sistances may permit very low hydrostatic pressure
within peritubular vessels: passive reflux of reabsor-
bate into the lumen will be depressed. This is born
out by Figure 3, which shows two models of the
nephron, one relating to normal conditions, and the
other to patients withcirrhosis of the liver andascites.
In each situation renal function is depicted during
water and mannitol diuresis. Reduced back flux
into the lumen will increase proximal tubule re-
absorption through purely passive pathways. As a
consequence of this, delivery of tubular fluid to
the loop of Henle will be depressed, imposing
restrictions on the amount of Na transported into
the medullary interstitium, with consequent re-
duction in maximal urine osmolality and free water
generation. The increased delivery to the loop operat-
ed by mannitol results in adquate Na transport
across the loop, with consequent normal abstraction
of free water which may even represent an increased
fraction of volume delivered in the absence of ADH

as well in the presence of maximum ADH.
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