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Age-Related Pseudocapillarization of the Liver Sinusoidal
Endothelium Impairs the Hepatic Clearance of
Acetaminophen in Rats
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We investigated the effect of age-related pseudocapillarization of the liver sinusoidal endothelium on the hepatic disposi-
tion of acetaminophen. The multiple indicator dilution technique assessed the hepatic disposition of tracer 4C-acetamin-
ophen and reference markers in isolated perfused livers of young (n = 11) and old (n = 12) rats. Electron microscopy
confirmed defenestration of the sinusoidal endothelium in old rats compared with young rats. Acetaminophen recovery
following a single pass through the liver was significantly increased in old rats (0.64 £ 0.04, old; 0.59 £ 0.05, young;
p <.05). In old age, there was significant reduction of the intercompartmental rate constant k; (0.34 £ 0.10s™!, old; 0.61 £
0.38s7!, young; p < .05) and the permeability-surface area product for the transfer of acetaminophen across the sinusoidal
endothelium (0.034 = 0.006 mL/s/g, old; 0.048 £ 0.014 mL/s/g, young; p < .005). There was no difference in k3, the
measure of sequestration of acetaminophen that reflects enzyme activity. Age-related pseudocapillarization of the liver
sinusoid resulted in increased acetaminophen recovery and decreased transfer of acetaminophen into the liver.
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T has been proposed that changes in the liver sinusoidal

endothelial cells (LSECs) will affect the clearance of
protein-bound substrates (1). The LSECs are a specialized
endothelium, lining the terminal blood vessels of the liver
(the sinusoids), perforated with fenestrations approxi-
mately 100 nm in diameter arranged into clusters or “sieve
plates” (1). Sieve plates act as a filter separating the sinu-
soidal blood from the hepatocytes (2). In young healthy
livers the LSECs do not impede the passage of plasma or
plasma proteins, lipoproteins, and free or protein-bound
drugs into the space of Disse (1). However, changes in the
LSECs due to aging or disease can impair the transfer of
solutes across the endothelium. In cirrhosis, capillariza-
tion occurs, whereby defenestration and reduction in the
porosity of the sinusoidal endothelium have been associ-
ated with impaired uptake of solute. This is consistent
with a slower solute diffusivity and longer diffusion path
length as a consequence of collagenization of the Disse
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space (3). In cirrhotic rats, the recovery of lidocaine
(>80% protein bound) increases with increasing degrees
of capillarization (1,4).

With aging, the endothelium of the liver sinusoid under-
goes ultrastructural changes termed “pseudocapillarization”
(5,6). These changes are similar to, but less severe than, the
capillarization of the LSECs that occurs in liver cirrhosis
(4,7) and include a reduction in the size and number of fen-
estrations, thickening of the endothelium by approximately
50%, inconsistent formation of basement membrane, and
minor deposition of collagen into the space of Disse (1,5,6).
The bridging fibrosis, nodular regeneration, periportal or
pericentral fibrosis, and loss of hepatocyte microvilli seen
in cirrhosis are not seen with normal aging (5). Defenestra-
tion is associated with impaired transfer of small chylomi-
crons from the sinusoidal blood to the space of Disse in old
rats and may provide a novel mechanism for age-related
hyperlipidemia (8).
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It is likely that a direct consequence of pseudocapillariza-
tion is pharmacological (9). Combined with a reduction in
liver size and blood flow (9), pseudocapillarization may
have important consequences for hepatic drug disposition
and clearance (1). It has been suggested that for capacity-
limited (low extraction ratio) drugs like acetaminophen, the
reduction in intrinsic clearance could be secondary to al-
tered liver size, enzyme activity, or transfer (10). In rats,
aging is associated with reduced Phase I enzyme activity
(particularly for males) and reduced clearance of drugs me-
tabolized by these enzymes (10). In both rats and humans,
in vitro Phase II enzyme activity does not appear to change
with age; however, a recent reanalysis of studies found acet-
aminophen clearance was reduced in old age (10). It has
been proposed that defenestration will impede the clearance
of protein-bound substrates and that the reduction in extrac-
tion of protein-bound drugs should be directly proportional
to the degree of defenestration (1). In mice with hepatic ste-
atosis, the reduced susceptibility to acetaminophen hepato-
toxicity is a likely consequence of defenestration of the liver
sinusoidal endothelium in addition to reduced expression of
CYP2EI (11).

Acetaminophen is the commonest cause of drug-induced
liver injury and is used by approximately 50% of older peo-
ple. The use of acetaminophen in older people is limited by
concerns about the risk of hepatotoxicity. In studies involv-
ing old rats, the risk of acetaminophen hepatotoxicity ap-
pears to be reduced (12); however, the risk of hepatotoxicity
of acetaminophen in older people at both therapeutic and
supratherapeutic doses remains unclear. Older frail adults
taking therapeutic acetaminophen have higher serum acet-
aminophen concentrations but do not appear to experience
elevated alanine aminotransferase activity (a marker of hep-
atotoxicity) as younger people do (13). Changes in the he-
patic disposition of acetaminophen in old age may partially
explain the apparent reduction in hepatotoxicity.

We recently reported a reduction in the hepatic extraction
of acetaminophen in rats treated with Poloxamer-407 (14),
a surfactant which causes acute defenestration of the LSECs
and can be used as an a model of age-related pseudocapil-
larization (15). However, it is still unknown how age-related
pseudocapillarization alters the hepatic disposition of acet-
aminophen, which is <20% protein bound in plasma. There-
fore, the aim of this study was to determine the effect of
age-related defenestration of the liver sinusoid on the he-
patic extraction of acetaminophen in old rats.

MATERIALS AND METHODS

Animals

Young mature adult (aged 4-6 months, weight 370-490 g)
and old adult (aged 24-26 months, weight 310-430 g)
Fisher 344 male rats were obtained from the National Insti-
tute of Aging (Bethesda, MD). The animals were allowed

free access to water and commercial rat pellets ad libitum.
This study was approved by the Royal North Shore Hospital
Animal Care and Ethics Committee and the University of
Sydney Animal Ethics Committee.

Materials

3H-Sucrose (0.1 mCi/mL) was obtained from American
Radiolabeled Chemicals (Bioscientific, Sydney, Australia),
and “C-acetaminophen (0.1 mCi/mL) and bovine serum
albumin were obtained from Sigma-Aldrich (Sydney,
Australia). Carbogen gas (95% 0O,—5% CO,) was obtained
from BOC Gases (North Ryde, Australia). Evans Blue
(10 mg/mL) was obtained from APS (Crown Scientific,
Sydney, Australia).

Liver Perfusion and Multiple Indicator Dilution Method

Liver perfusion and multiple indicator dilution experi-
ments were performed as described previously (8). To mi-
nimize the effect of temporal variation in acetaminophen
metabolism (16), liver perfusions were performed between
10 AM and 2 PM and the perfusions on old and young rats
were performed within 1 hour of each other. In brief, rats
were anesthetized with an intraperitoneal injection of ket-
amine (75 mg/kg; Parnell Laboratories Pty Ltd, Sydney,
Australia) and xylazine (10 mg/kg; Troy Laboratories Pty
Ltd, Sydney, Australia). The abdomen was opened with a
midline incision. Heparin (300 U) was administered via the
inferior vena cava. The portal vein was cannulated with an
18G intravenous catheter (BD, Sydney, Australia) and the
thoracic portion of the inferior vena cava with a 12 cm
length of PE240 tubing. The liver was perfused in situ with
erythrocyte-free oxygenated Krebs-Henseleit bicarbonate
buffer (95% O0,—5% CO,, 37°C) containing 2% bovine se-
rum albumin for 15 minutes prior to experimentation. The
perfusate was delivered by a peristaltic pump (Gilson,
Sydney, Australia) in a single-pass mode at 1-1.5 mL/min/g
of liver. Liver viability was assessed by macroscopic ap-
pearance and portal vein pressure measured using a verti-
cal manometer attached to the portal vein cannula.

The multiple indicator dilution method (17) was used to
describe the disposition of acetaminophen in the liver. The
injectate used in this study contained *H-sucrose (0.2 puCi),
14C-acetaminophen (0.2 pCi), and Evans Blue (20 pL)
made up to a total of 100 uL. volume with Krebs-Henseleit
bicarbonate buffer containing 2% bovine serum albumin.
3H-sucrose and Evans Blue are the nonextracted markers of
the extracellular and vascular spaces, respectively (18). The
injectate was administered as a bolus injection into the por-
tal vein catheter. Outflow samples were collected using a
universal fraction collector every 2.1 seconds for a total of
124 seconds. Outflow samples were analyzed for absor-
bance (Triad Plate Reader; Tecan, Clontarf, Australia) and
for 14C- and 3H-specific activity (Tricarb 2900TR liquid
scintillation analyzer; Perkin Elmer, Sydney, Australia).
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Pharmacokinetic Modeling

The outflow activity for each reference marker and acet-
aminophen was expressed as a fraction of the injected activ-
ity per milliliter, and dose-normalized outflow time-activity
curves were constructed. The mean transit time was calcu-
lated from the ratio of the area under the first moment of the
curve (AUMC) and area under the curve (AUC). The AUMC
and AUC were determined using the rectangular rule be-
cause the outflow was collected for the entire time period
rather than at discrete time points (19). Recovery was esti-
mated from the AUC and flow (Q). It should be noted that
recovery is equal to (1 — Eyy), where Ey is the hepatic extrac-
tion ratio, which is the fraction of a substrate that is elimi-
nated by the liver. The apparent volume of distribution of
markers (acetaminophen, Evans Blue, and sucrose) within
the liver was calculated from the mean transit time cor-
rected for time zero (7)) and the flow rate (Q, mL/s). Ty was
estimated from the first appearance of *H and !4C radioac-
tivity above background and represents the transit time of
solutes through the nonhepatic parts of the isolated perfused
rat liver system (such as tubing) (17,20).

Goresky Model for Barrier Sequestration Exchange

The Goresky model of barrier sequestration exchange
(21) was used to model the disposition of acetaminophen in
the liver. Using Evans Blue as the reference marker, the in-
tercompartmental rate constants (k, k>, and k3) were esti-
mated by regression of the acetaminophen outflow curve on
the Evans Blue outflow curve (22). The rate constants k;
(per second) and k; (per second) are the rate constants for
influx and efflux of acetaminophen, respectively, whereas
ks (per second) is the rate constant for sequestration and is
an indicator of the liver enzyme activity (23). Pharmacoki-
netic modeling was performed using QBasic (24). The per-
meability-surface area (PS) product that describes the influx
(PSinfiux) and efflux (PSesaux) of acetaminophen across the
liver sinusoidal endothelium, respectively, were calculated
according to the equations (25):

PS, .. =ECVxk,

Influx

PSy i = ICV Xk,

Efflux

where ECV is the extracellular volume calculated as a
product of the mean transit time of Evans Blue corrected for
Ty and the measured flow rate (21), k; is the rate constant for
influx of acetaminophen, and k; is the rate constant for ef-
flux of acetaminophen (23). The intracellular volume (ICV)
was calculated as 1 — ECV. The units for PS;,qux and PSetaux
are milliliters per second per gram of liver (mL/s/g).

Crone—Renkin Early Extraction

Outflow curves were also analyzed to determine the
permeability-surface area product (PS) for the transfer of acet-
aminophen across the LSECs (26) using the early extraction

method of Crone—Renkin (26-29). This model assumes that a
deviation of the outflow curve of diffusible marker (acetamino-
phen) from that of the vascular marker (Evans Blue) at early
time points is caused by the unidirectional transfer of the sub-
strate into the tissue (30). The early extraction (E) ratio of acet-
aminophen was defined as the extraction of acetaminophen
across the LSECs and was calculated using the formula:

EB

where Cgp is the fractional outflow concentration of Ev-
ans Blue (vascular space marker), and Capap is the frac-
tional outflow concentration of acetaminophen (APAP) at
each time point.

The early extraction (E) ratio of acetaminophen was ob-
tained from the plateau of the extraction-time curve and was
used to calculate the PS product (mL/s/g) for the transfer of
acetaminophen across the LSECs according to the equation:

PS=-Q-Ln(1-E),

where Q is the flow rate of the perfusate. Note that early
extraction (E) is a term that reflects the rate of transfer of a
substrate across the endothelium, and this should not be
confused with hepatic extraction (Ey), which is the fraction
of a substrate that is eliminated by the entire liver.

Scanning Electron Microscopy

After the multiple indicator dilution experiments were
completed, the livers of five young and five old rats were
fixed for scanning electron microscopy using 2% glutaralde-
hyde—3% paraformaldehyde in 0.1 M sodium cacodylate buf-
fer (0.1 M sucrose, 2 mM CaCl,). Six randomly selected
blocks from each animal were then dried and stained,
mounted onto stubs, and sputter coated with platinum (31). A
Jeol 6380 Scanning Electron Microscope (JEOL Ltd, Tokyo,
Japan) at a resolution of 15,000x was used to examine fenes-
trations in the liver sinusoidal endothelium.

Statistical Analysis

All data analyses were performed using Microsoft Excel.
Data are expressed as means = SD. Comparisons between
young and old groups were performed using a two tailed
Student’s ¢ test and were considered statistically significant
when p < .05.

RESULTS

Recovery and Volume of Distribution

Representative dose-normalized outflow curves for the
multiple indicator dilution experiments with young and old
rats are shown in Figure 1A and B, respectively. The Evans
Blue curve slightly precedes the sucrose curve, indicating
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Figure 1. Representative dose-normalized outflow curves for acetaminophen, sucrose, and Evans Blue from multiple indicator dilution experiments in isolated
perfused rat livers from a young (A) and old (B) rat livers perfused with 2% bovine serum albumin.

that Evans Blue distributes into a smaller liver volume than
sucrose, consistent with the albumin space. The curve for
acetaminophen is delayed compared with the nonextracted
markers indicating distribution of acetaminophen into the
cellular space. The AUC for acetaminophen is significantly
smaller in both young and old rats compared with the trac-
ers Evans Blue and sucrose, indicating extraction of acet-
aminophen but not of Evans Blue or sucrose by the liver.
The AUC for acetaminophen in old rats is significantly
greater than that in young rats, indicating that the hepatic
extraction of acetaminophen is reduced in old age.

The recovery and volume of distribution (Vd) of acet-
aminophen and tracers are shown in Tables 1 and 2, respec-
tively. The recovery of acetaminophen was significantly
higher in old rats compared with young rats (0.64 £ 0.04,
old; .0.59 £ 0.05, young; p < .05). The recoveries of sucrose
and Evans Blue were not different. The ratio of recovery of
acetaminophen to that of sucrose (the non-extracted extra-
cellular marker) was significantly higher in old rats (0.75
0.04, old; 0.70 £ 0.03, young; p < .05; Table 1).

The volume of distribution of acetaminophen was not dif-
ferent between old and young rats, although the Vd of both
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Table 1. The Effect of Age on the Recovery of Acetaminophen,
Evans Blue, and Sucrose. Data Are Presented as Mean + SD

Young old
n 11 12
Fractional recovery
Evans Blue 0.96+0.11 0.98+0.11
Sucrose 0.85+0.07 0.86 +£0.03
Acetaminophen 0.59+£0.05 0.64 £0.04*
Ratio of recovery
Acetaminophen:sucrose 0.70 £ 0.03 0.75 £ 0.04*
Evans Blue:sucrose 1.13£0.16 1.13+0.14
Evans Blue:acetaminophen 0.63+0.07 0.67 £0.09

*p < .05 young versus old.

Evans Blue and sucrose was significantly higher in old rats
than in young rats (Table 2). The ratio of the Vd of acet-
aminophen to sucrose and acetaminophen to Evans Blue
was significantly reduced in old rats (1.95 + 0.17, sucrose;
2.63 £0.51, Evans Blue) compared with young rats (2.51
0.26, sucrose, p < .01; 4.00 £ 1.02, Evans Blue, p < .01).
However, it should be noted that the Vd of acetaminophen
will be reduced by changes in extraction as well as its
distribution within the liver.

Goresky Model for Barrier Sequestration Exchange

Regression of the acetaminophen outflow curve was
performed according to the Goresky model for barrier
sequestration exchange using Evans Blue as the refer-
ence marker. The results are presented in Table 3. The
intercompartmental rate constant k; was significantly re-
duced in old rats compared with young rats (0.34 +
0.10s°1, old; 0.61 + 0.38s"!, young; p < .05). Importantly,
there was no difference in k3, which is the measure of
sequestration of acetaminophen and reflects enzyme ac-
tivity. There was a trend toward a reduction in PSj,syx in
old rats (0.13 £ 0.02 mL/s/g, old; 0.18 + 0.09 mL/s/g,
young; p = 0.09). PSgsux Was similar for both old and
young rats.

Table 2. The Effect of Age on the Apparent Volume of Distribution
of Acetaminophen, Evans Blue, and Sucrose. Data Are Presented as

Mean + SD
Young Old

n 11 12
Apparent volume of distribution

Evans Blue (mL/g) 0.20 £ 0.06 0.29 £0.08*

Sucrose (mL/g) 0.31+£0.07 0.38 £0.07*

Acetaminophen (mL/g) 0.76 £ 0.11 0.74£0.10
Ratio of apparent volume of distribution

Acetaminophen:sucrose 2.51+0.26 1.95+£0.17%*

Evans Blue:sucrose 0.65+0.11 0.77+0.14

Evans Blue:acetaminophen 4.00 £1.02 2.63 £0.51%*

*p < .05 young versus old,
**p < .005 young versus old.

Table 3. Permeability-Surface Area (PS) Product for the Influx and
Efflux of Acetaminophen Across the Liver Sinusoidal Endothelium
Calculated According to the Goresky Model of Barrier-Sequestration
Exchange Using Evans Blue as the Reference Marker. Data Are
Presented as Mean £ SD

Young Old
n 11 12
ki (sh) 0.61 +0.38 0.34 +£0.10%
ka (s7h) 0.11 £ 0.06 0.10+0.03
ks (s 0.003 £0.003 0.004 £ 0.002
PSinux (mL/s/g) 0.27 £ 0.09 0.18 £ 0.06%*
PSksnux (mL/s/g) 0.10 £ 0.04 0.09 +0.02

*p < .05 young versus old,
**p < .01 young versus old.

Crone—Renkin PS Product for Acetaminophen

Figure 2 shows a representative curve for a young and an
old rat illustrating the relationship between time and the
early extraction of acetaminophen. The early extraction of
acetaminophen was reduced in old rats, and the plateau time
occurred later (Table 4). The permeability-surface area (PS)
product was reduced significantly in old rats compared with
young rats. This is consistent with reduced extraction due to
a barrier to uptake at the level of the LSECs.

Electron Microscopy

Representative scanning electron micrographs are shown
in Figure 3 for a young (Figure 3A) and an old (Figure 3B)
rat liver sinusoid. The sinusoidal endothelium of the old rat
liver shows reduced numbers of fenestrations consistent
with age-related pseudocapillarization.

DiscussioN

In this study, we investigated the effect of age-related
pseudocapillarization of the LSECs on the hepatic disposi-
tion of acetaminophen. We found that the hepatic extraction
and volume of distribution of acetaminophen was reduced
in old rats compared with young rats and that defenestration
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Figure 2. Representative curve demonstrating the relationship between time
and the early extraction of acetaminophen for a young and an old rat. The refer-
ence marker is Evans Blue.
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Table 4. Early Extraction and Permeability-Surface Area (PS)
Product for Acetaminophen Calculated Using the Early Extraction
Method of Crone-Renkin. Data Are Presented as Mean + SD

Young Old
n 11 12
PS product (mL/s/g) 0.048 £ 0.014 0.034 £ 0.006*
PS product (mL/s) 0.61 £0.17 0.42 £ 0.08%%*
Early extraction (%) 92+3 85 £ 4%*
Plateau time (s) 8.75+£2.34 9.93 £2.83

*p < .01 young versus old,
**p < .005 young versus old.

and thickening of the sinusoidal endothelium impaired the
transfer of acetaminophen from the sinusoidal lumen to the
hepatocytes. Scanning electron microscopy confirmed
the reduced porosity of the liver sieve in old rats compared
with young rats, consistent with aging changes reported in
rats (5), mice (32), nonhuman primates (33), and humans
(6), as well as those reported with the poloxamer model of
the aging sinusoidal endothelium (15). We therefore pro-
pose that the age-related change in the hepatic extraction of
acetaminophen can be attributed to pseudocapillarization of
the hepatic sinusoid.

Using the multiple indicator dilution method, we ob-
served the hepatic extraction of acetaminophen and its ratio
to that of the nonextracted marker sucrose was significantly
lower in old rats compared with young rats. The hepatic
extraction ratio of 0.41 for young rats and 0.36 for old rats
was consistent with the ratios reported by other authors
(Ex = 0.08-0.65) (34,35). Interestingly, the hepatic extrac-
tion of acetaminophen can vary depending on the time of
day (0.21-0.41) (16). However, as our liver perfusions
were performed between 10 AM and 2 PM with old and
young rats being perfused within 1 hour of each other, this
is unlikely to be a major factor for our study. Therefore, the
results indicate that in our study of rat livers perfused
with albumin but no erythrocytes, the extraction ratio
falls midway between reported values and is consistent
with those that we reported previously in the perfused liv-
ers of young rats with poloxamer-mediated defenestration
(Eg = 0.33) (14). Furthermore, this mid-range extraction
in rats is consistent with values reported for humans (36).
Importantly, the reduction in hepatic extraction in old rats
parallels the reduction in acetaminophen clearance in
aging humans (10).

In old rats, acetaminophen had restricted access to both
the extracellular sucrose space and the Evans Blue space
indicated by a reduction in the ratio of apparent volume of
distribution of acetaminophen to sucrose and to Evans Blue.
Evans Blue is usually considered to be a vascular reference;
however, it is best considered to be a marker of the albumin
space (18). Our results indicate that acetaminophen has ac-
cess to the entire Evans Blue space in young but not old rat
livers. The small but significant increase in the Evans Blue

volume of distribution may reflect the small increase in ex-
tracellular (sucrose) volume with age reported previously
(37) and also observed in our study. This indicates that the
pseudocapillarized aging endothelium does not impede the
distribution of sucrose into the extracellular space (8). Sim-
ilarly, capillarization in cirrhotic livers does not impede the
distribution of sucrose (38).

The sequestration/barrier limited model of Goresky using
Evans Blue as a reference marker was applied to the data.
The permeability-surface area (PS) product for the influx
(PSinfiux) and efflux (PSesaux) of acetaminophen across the
liver sinusoidal endothelium were calculated (25). There
was a highly significant reduction in the PSj,a.x product
for acetaminophen in old rats compared with young rats.
The PSctux product was smaller than PSjg.x but was
unchanged between old and young rats, indicating no age-
related difference in acetaminophen efflux. Importantly, ks,
which reflects enzyme activity, was unchanged with age.
Pseduocapillarization of the hepatic sinusoid in aging
resulting in an age-specific reduction in the hepatic extraction
of acetaminophen may provide a novel explanation of the
age-related reduction in acetaminophen clearance in older
adults (10,39).

The Crone—Renkin early extraction model was applied to
the data, and a significant reduction with age in the permea-
bility-surface (PS) area product of acetaminophen was ob-
served. This reduction is consistent with what we have
previously observed with our poloxamer model with the
PS product for acetaminophen being reduced by approxi-
mately 8% in rats with defenestration (14). In rats with
carbon tetrachloride—induced cirrhosis, the PS product for
drugs with minimal protein binding was reduced by 10%
(3). Despite the authors investigating the permeability layer
at the level of the hepatocyte membrane and not at the
LSECs as in our study, the authors did acknowledge that in
cirrhotic livers collagenization of the space of Disse results
in impaired uptake of solute across the thickened and de-
fenestrated endothelium (3).

Defenestration of the LSEC influences the hepatic clear-
ance of medications due to impaired transfer of protein-
bound substrates or dissolved substrates through the
fenestrations (1). Poloxamer-mediated defenestration has
been associated with increased recovery of small chylomi-
crons (15) and acetaminophen in the isolated perfused liver
(14). Similarly, defenestration associated with cirrhosis re-
sulted in exclusion of albumin-bound indocyanine green
from the space of Disse in humans (40), and with impaired
transfer and clearance of albumin-bound lignocaine (4) and
propranolol (41) in rats. In this study, old age was associated
with increased recovery of acetaminophen following a single
pass through the isolated perfused rat liver. Given that
acetaminophen is minimally protein bound, this indicates
that fenestrations facilitate the passage of water-soluble
substrates, which is reduced with pseudocapillarization of
the hepatic sinusoid in old age.
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Figure 3. Representative scanning electron micrographs of hepatic sinusoids. The sinusoidal endothelium of the young animal (A) is perforated with fenestrations
in clusters (“sieve plates”). The sinusoidal endothelium of the old animal (B) has a reduced number of fenestrations.

We acknowledge the limitations of this study. There may
have been contamination of the outflow curves by the me-
tabolites of acetaminophen, which we were unable to quan-
tify. Following a single pass through the liver at the tracer
concentrations used in this study, the main metabolite is the
sulfate metabolite (42). However, this metabolite is much
lower in concentration and is quite delayed compared with
acetaminophen and contributes only a small amount to total

outflow radioactivity (42); therefore, this is unlikely to
have affected our result. The pH is an important parameter
for the state of ionization of the solutes and is a key regula-
tor of trafficking of solutes across cell membranes. How-
ever, pH is unlikely to be an important variable in this study
because acetaminophen has a pKa of 9.9 and is therefore
unionized at physiological pH (43), pH partitioning is
across membranes, and is therefore not directly relevant for
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fenestrations. Additionally there is no effect of old age on
intracellular pH (44).

The risk of hepatotoxicity from acetaminophen may be
reduced in old age, despite reduced clearance (10,12,13).
The mechanism is poorly understood. The expression of
CYP2EI, which metabolizes acetaminophen into the toxic
metabolite, NAPQI, appears to be increased in old age (45).
However, the activity has been reported to be decreased in
old rats (45) or unchanged in humans (46). Our study sup-
ports the hypothesis that it is pseudocapillarization of the
sinusoidal endothelium that may impede the transfer of ac-
etaminophen to the liver in old age, reducing the risk of
hepatotoxicity. Given that the intercompartmental rate con-
stant k3, an indicator of enzyme activity, was unchanged
with age, it is likely that most of the age-related reduction in
hepatic clearance of acetaminophen (10) is due to psuedo-
capillarization. Furthermore, as transfer across the LSEC
from the sinusoidal lumen to space of Disse is the first step
for hepatic uptake of a drug, the effects of any changes in
subsequent parts of the pathway (such as in conjugation or
cytochrome P450 enzymes) will be minimized.

CONCLUSION

This study has shown that age-related pseudocapillariza-
tion of the sinusoidal endothelium resulted in a small but
significant reduction in the extraction and apparent volume
of distribution of acetaminophen in the isolated perfused rat
liver. These results confirm those reported previously using
the poloxamer 407—induced defenestration model (14). Fur-
thermore, these results support the role of the fenestrations
in the hepatic disposition of pharmaceutical substrates and
confirm that defenestration will reduce hepatic extraction of
water-soluble medications with low protein binding by re-
stricting access to the extracellular space of Disse (1). These
results have important implications for medication efficacy
and safety in old age.
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