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Abstract
Alpha-1-antitrypsin (a1AT) deficiency is caused by homozygosity for the a1AT mutant Z gene and occurs in one in 2000

Americans. The Z mutation confers an abnormal conformation on the a1AT mutant Z protein, resulting in accumulation

within the endoplasmic reticulum of hepatocytes and chronic liver injury. Autophagy is one of several proteolytic

mechanisms activated to cope with this hepatocellular protein burden, and is likely important in disposal of the unique

polymerized conformation of the a1AT mutant Z protein, which is thought to be especially injurious to the cell. Recent data

indicate that rapamycin may more efficiently upregulate autophagy when given in weekly dose pulses, as compared with a

daily regimen. Therefore, we evaluated the effect of rapamycin on PiZ mice, a well-characterized model which

recapitulates human a1AT liver disease. Daily dosing had no effect on autophagy, on accumulation of a1AT mutant Z

protein or on liver injury. Weekly dosing of rapamycin did increase autophagic activity, as shown by increased numbers of

autophagic vacuoles. This was associated with reduction in the intrahepatic accumulation of a1AT mutant Z protein in the

polymerized conformation. Markers of hepatocellular injury, including cleavage of caspase 12 and hepatic fibrosis, were

also decreased. In conclusion, this is the first report of a successful in vivo method for reduction of intrahepatic a1AT

mutant Z polymerized protein. Application of this finding may be therapeutic in patients with a1AT deficiency by reducing

the intracellular burden of the polymerized, mutant Z protein and by reducing the progression of liver injury.
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Introduction

Alpha-1-antitrypsin (a1AT) deficiency is a genetic disease,
which occurs in one in 2000 Americans and is caused by homo-
zygosity for the a1AT mutant Z gene.1,2 The Z mutation in the
a1AT gene confers an abnormal conformation on the resultant
nascent polypeptide.3 This abnormal, mutant protein accumu-
lates within the endoplasmic reticulum (ER) of hepatocytes,
unlike the wild-type protein that is efficiently glycosylated,
folded and secreted. The result of the intracellular accumulation
of the a1AT mutant Z protein is that homozygous, ZZ
individuals have an increased risk of chronic liver disease
and hepatocellular carcinoma.4–6 No specific treatment for
a1AT-associated liver disease is available, other than liver trans-
plantation. Studies of the mutant Z protein molecules have
shown that it has the tendency to form unique protein polymers

within the hepatocellular ER. In some, but not all hepatocytes
the accumulations of polymerized a1AT mutant Z protein
become large enough to be seen under light microscopy as
the cytoplasmic ‘globules’ classically described in this
disease.7 Published data suggest that the liver injury in a1AT
deficiency is directly related to the hepatic accumulation of
the polymerized a1AT mutant Z protein.8–12

Multiple, intracellular proteolytic pathways are active
within the hepatocyte to degrade the accumulated a1AT
mutant Z protein.13–18 Studies on patient specimens suggest
effective intracellular proteolytic degradation of the mutant
Z protein is related to protection from liver injury.12,19 The
systems involved in a1AT mutant Z intracellular proteolysis
include ubiquitin-dependent and ubiquitin-independent pro-
teasomal pathways and autophagy.16–18,20 Autophagy is a
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process of intracellular degradation within specialized vacu-
oles, called autophagosomes, used for the disposal of senes-
cent organelles, mis-folded proteins and which is activated
during starvation and at specific times during develop-
ment.16,20–22 Autophagy is known to be activated in response
to the intracellular accumulation of a1AT mutant Z protein
in both human liver and in model systems.10,16,20,23 These
studies have included transmission electron microscopy
analysis showing that the vacuoles in question have the
classical morphology of autophagic vacuoles, and that
these vacuoles label with multiple markers known to label
autophagic vacuoles. These marker studies included
immune-electron microscopy (EM) for appropriate mem-
brane markers and acidification, as expected for autophagic
vacuoles. The autophagic vacuoles also label for, and appear
to contain, a1AT mutant Z protein based on immuno-EM
studies and fluorescent label light microscopy studies.
Fluorescent labeling for acidification and for the autophagy
marker, MDC, was also positive. In tissue culture models of
a1AT mutant Z intracellular degradation, biochemical inhi-
bition of autophagy, using 3-methyladenine and wortmannin,
partially inhibits intracellular degradation of a1AT mutant z
protein. Autophagy may be especially important in the dispo-
sal of the polymerized form of a1AT mutant Z protein, since
aggregations of the a1AT mutant Z polymers appear to be
abnormally long-lived in autophagy-deficient cell lines.24

Based on this large body of previous work, we have proposed
that drugs, or other therapeutic maneuvers, that would
increase autophagic activity might result in increased degra-
dation of the accumulated a1AT mutant Z protein, and
thereby reduce liver injury. Therefore, in this study we exam-
ined the effect of rapamycin, an FDA-approved drug used for
immunosuppression, but which also is known to induce
increased autophagy, on a1AT mutant Z protein accumu-
lation in the PiZ mouse.25,26 The PiZ mouse is a well-
characterized in vivo model that recapitulates many features
of the human a1AT deficiency liver disease.2,7–11,16,20,27

These findings may be useful in the planning of future treat-
ments for this human metabolic liver disease.

Experimental procedures

PiZ mice were maintained on a C57Bl/6J background and
C57Bl/6J mice were used as controls as described pre-
viously.2,7–9,11,27 All experiments were approved by the
Animal Studies Committees of St Louis University and
Washington University, where applicable, and were con-
ducted in accordance with the criteria outlined in the
‘Guide for Care and Use of Laboratory Animals’.
Monomer-polymer assay was performed as described pre-
viously.7,9,11 Briefly, lipid bilayers are disrupted in a non-
denaturing buffer (0.5% Triton plus mechanical disruption)
allowing an insoluble fraction of the liver homogenate to be
separated by centrifugation. The a1AT polymers are large,
insoluble aggregates that are only suspended in the buffered
homogenate, not solublized. Electron microscopy of the
samples and immunoblot on spot membranes with polymer-
specific antibody confirm the presence of a1ATmutant Z
polymers only in the insoluble fraction. The separated

soluble and insoluble fractions are then subjected to analysis,
in this case denatured sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The a1AT mutant Z polymers
are not linked by covalent bonds; therefore denaturation
returns the polymers in the insoluble fraction to monomers,
allowing them to run in the gel at the monomeric molecular
weight for direct, quantitative comparison to the monomer
fraction. This method recovers .98% of a1AT mutant Z poly-
mers with a high degree of reproducibility.

Histological and immunohistochemistry analysis was per-
formed using standard techniques, as described pre-
viously.7,10,28 Liver were fixed in 10% formalin for 24 h
and stored in 70% EtOH until process and embedded into
paraffin blocks and sectioned. Six micron sections were
rehydrated, blocked, and then incubated overnight at 48C
with goat anti-human a1AT (Cappel, Cappel Products
Division of Organon Teknika Corporation, Akzo Nobel,
The Netherlands), then with anti-goat biotinylated (Sigma,
St Louis, MO, USA) for one hour at room temperature,
then with DAKO (Denmark) anti-biotin/streptavidin horse-
radish peroxidase conjugated for one hour at room tempera-
ture. Immunoblots were performed as previously described
(anti-a1AT antibody from DiaSorin, Stillwater, MN, USA) in
triplicate with equal protein loading and antibodies pre-
viously used in these systems, and then quantified by
means of the densitometric scanning of the replicates.16,18

Anti-LC3 antibody (#PM036 MBL; Medical and Biological
Laboratories, Nagoya, Japan) was employed as described,
and included the presence of protease inhibitors during pro-
cessing.29 LC3 is a protein found in the membrane of the
autophagic vacuole and increases in the lower band,
LC3-II has been shown to correlate with increased
numbers of autophagic vacuoles and increased autophagic
activity in many systems. The positive control for LC3 was
a WT mouse fasted 12 h, which is known to increase autop-
hagy and is associated with increased recovery of LC3-II on
immunoblot. Equal gel loading was confirmed with either a
total protein stain of the membrane or immunoblot for actin,
as described previously.9,11 A1AT serum levels in mice were
determined by immunoassay as described.30

Morphometeric quantification of autophagy, bromodeoxy
uridine (BrdU) labeling and counting were accomplished as
previously described.8,9,16 For morphometric quantification
of autophagy, plastic-embedded, thin sections were exam-
ined by transmission electron microscopy and early and
late autophagic vacuoles were identified by the standard
morphology of double membrane bound, early autophagic
vacuoles arising near the ER containing organelles or
debris, which then progress to multilamellar late autophagic
vacuoles fusing with lysosomes forming electron dense
residual bodies. Fifteen whole hepatocytes with nuclei
were randomly selected, counting grids were overlaid and
the percent area cytoplasm occupied by autophagic
vacuoles was determined by a single, blinded examiner.
Confirmation that these structures represent autophagic
vacuoles has been performed in ZZ human liver, PiZ
mouse liver and in tissue culture systems by immune
label for proteins present within autophagic vacuoles by
immune-EM and immunohistochemistry (calnexin, degra-
dative enzymes), and by detection of acidification by
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immune-EM and by fluorescent label (autophagic vacuoles
acidify early in their biogenesis). In addition, the structures
label with the fluorescent autophagic vacuole marker, MDC.
BrdU labeling was performed by implantation in the mice of
a time release BrdU osmotic pump 72 h prior to sacrifice,
which labels all nuclei that have divided in that 72 h
period. Immunohistochemical stain for BrdU then labels
those nuclei that are then counted as a percent of all hepato-
cytes by a single, blinded examiner. All histopathological
examinations, analysis of globules, dysplasia and counting
were performed by a single blinded examiner (EB or JT).
Statistical analysis was accomplished with Statistical
Package for the Social Sciences (SPSS, Chicago, IL, USA).

A total of 14 PiZ mice were treated with daily dose rapamy-
cin oral suspension in drinking water from age three to six
months, and were compared with 10 matched, litter mate PiZ
mice treated with vehicle (water) alone. A total of 24 PiZ mice
(12 males and 12 females) were treated with once weekly intra-
peritoneal injection of rapamycin from age three to six months
compared with 24 matched, litter mate PiZ mice (12 males and
12 females) treated with vehicle alone. All the analyses included
samples from all the mice above, unless specifically noted. One
mouse died in each of the weekly treatment and control groups
of unknown causes, although there were no signs of infection
on necropsy. There were no obvious infectious complications
of any mouse in either group analyzed, although a few milli-
meters of induration and erythema were observed at some
rapamycin injection sites.

Preparation of the weekly dosing agent was as follows: both
rapamycin reagent (Rapamune 1 mg/mL [sirolimus] oral sol-
ution from Wyeth, New York, NY, USA) and vehicle reagent
(0.8% NaCl, 1.0% EtOH, 0.1% Tween-80 in water) were
drawn up into a 1 mL luer-lock syringe (Millipore Millex GV
filter 0.22 mm pore PVDF membrane) and then pushed
slowly through a syringe filter directly into the back of an
insulin syringe (plunger removed). The plunger was then
replaced and air bubbles were drawn out. This was all done
on ice in a sterile biosafety cabinet. The dose was Rapamune
10 mg/kg/once per week for 12 weeks. Time of administration
was between the hours of 09:00 and 10:00 once per week on
Wednesday.

Hepatic mRNA was prepared using Triazole (Invitrogen,
Carlsbad, CA, USA) and the reverse transcribed SuperScript
Choice System (Invirogen) using methods as described.8

Taq DNA polymerase and SYBR from Biorad (Hercules,
CA, USA) were used with the following primers: forward
50-GGCCATACCCATGTCTATCC and reverse 50-TTCACC
ACTTTTCCCATGAA. These data were standardized to
beta2-microglobulin expression and specificity of the assay
was verified by confirmation of the predicted product size
and uniformity melt curves and by agarose electrophoresis.

Results

Weekly, pulsatile dosing of rapamycin reduces
intrahepatic accumulation of a1AT mutant Z
protein polymer in PiZ mice

Accumulation of a1AT mutant Z protein within hepatocytes
leads to liver injury in a1AT deficiency. Intracellular

proteolytic pathways, including autophagy, are involved
in reducing the burden of the accumulated a1AT mutant
Z protein within the hepatocyte, and reducing the risk of
liver injury. We hypothesize that acceleration of intracellular
proteolysis, especially increased autophagy acting to
degrade the toxic, polymerized conformation of a1AT
mutant Z protein will thereby, reduce liver injury. We exam-
ined this hypothesis in the PiZ mouse, a well-characterized
model transgenic for the human mutant Z gene, which reca-
pitulates many aspects of the human a1AT deficiency liver
injury. Rapamycin is known, among other effects, to
induce increased autophagy within cells. Rapamycin has
been previously shown in fly and murine models of
Huntington’s disease to increase autophagic activity in
various daily and every other day dose regimens.31,32

Therefore, we examined the effect of rapamycin on PiZ
mice treated with oral rapamycin daily in drinking water
compared with control groups treated with vehicle alone.
Dosing of approximately 10 mg/g/week was chosen as pre-
viously associated with effectiveness in murine models, and
blood levels were determined to be similar to the human
therapeutic range (mean of 5.2 mg/mL). After three
months of treatment, the PiZ livers treated with daily rapa-
mycin were compared with daily dosed vehicle-treated con-
trols, and no difference was found in autophagic activity as
assayed by morphometric counting of percent cytoplasm
occupied by autophagic vacuoles by a blinded examiner under
transmission electron microscopy (Figure 1a). Next, lysates
were made of samples of these livers and analyzed for a1AT
mutant Z protein content by SDS-PAGE followed by
anti-a1AT immunoblot. There was no difference in the daily
treated group compared with controls in the hepatic content of
a1AT mutant Z protein (either the total hepatic burden, or the
separate monomer or polymer conformations), and no difference
in the histopathological appearance of the liver (Figure 1b).
Densitometric quantification of repeated runs confirmed no
difference.7 These results were the same when the groups of
males and females were analyzed individually (not shown).

We noted that some published regimens had used less
frequent dosing schemes, and preliminary observations in
other studies (SK, personal communication) had suggested
the possibility of increased autophagic activity with weekly
dosing. Specifically, an analysis of rapamycin-induced autop-
hagy associated with disease in murine retina was found to be
maximally upregulated by weekly dosing (SK, personal com-
munication). Therefore, we next examined PiZ mice treated
with once weekly dosing compared with weekly dosed
vehicle-treated controls, but using the same total dose of
10 mg/g/week. Groups of mice were again treated for three
months and again compared with matched, vehicle-treated
controls. The results revealed an increase in autophagic vacu-
oles associated with the weekly rapamycin treatment
(Figure 2a). This was associated with increased detection of
a LC3-II reactive band on immunoblot of liver lysates. LC3
is a protein found in the membrane of the autophagic
vacuole and increases in the lower, LC3-II band correlate
with increased numbers of autophagic vacuoles, and therefore
suggests increased autophagic activity (Figure 2b). We next
determined the total hepatic content of a1AT mutant Z
protein by immunoblot and found a significant reduction
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associated with rapamycin treatment (Figure 2c) (P , 0.03 by
t-test of gel densitometry of all replicates, Figure 2d). We then
examined the hepatic content of the polymerized a1AT
mutant Z protein, since it is thought that autophagy is
especially important in disposal of the accumulated, intra-
cellular a1AT mutant Z protein polymer (Figure 2b).
Densitometric quantification of the results showed signifi-
cantly less intrahepatic a1AT mutant Z protein polymer in
the weekly rapamycin-treated mice than in vehicle-treated
controls (Figure 2d) (P , 0.02 by t-test with multiple compari-
sons). However, examination of the groups of treated males
compared with male controls and treated females with
female controls separately revealed that the effect was signifi-
cantly greater in the male mice (P , 0.05 by t-test with mul-
tiple comparisons). Previous data have indicated that in
both humans and in this mouse model there is a sex-based
difference in liver injury in a1AT deficiency. The human
studies suggest that homozygous ZZ males have more
severe courses and in the PiZ mouse there is increased de
novo liver injury and increased liver injury after stress in
male mice.8,9

We next examined the monomeric a1AT mutant Z protein
content of the livers (Figure 2c). Surprisingly, quantification
revealed that the hepatic content of monomeric a1AT
mutant Z protein was modestly increased (approximately
23% of the magnitude of the decrease in the polymer
content) in the rapamycin-treated group compared with
controls (Figure 2d), but again the effect was predominant
in the male mice (P , 0.01 by t-test with multiple compari-
sons). It has been shown that during synthesis of the a1AT
mutant Z protein, that the nascent polypeptide chain
enters the ER lumen and binds with chaperone proteins
that assist in folding, in order to reach the final, secretion-
competent conformation. During typical synthesis of the
WT a1AT protein, there is then rapid transport through
the secretory pathway and secretion from the hepatocyte.
However, the mutant Z protein is retained in the ER
lumen for minutes to hours, after which time most of the
molecules are degraded. It has been shown that a small
portion of the a1AT mutant Z molecules in the ER convert
to the insoluble, polymerized conformation.11,12,18,33,34 The
polymers then persist within the cell for a much longer
time, possibly the life of the cell.7,20,24 The ER retention of
a1AT mutant Z molecules results in a much lower blood
level (15% of normal), compared with the WT a1AT
serum protein level. With these data in mind, we examined
the serum levels of the human a1AT mutant Z protein in the
PiZ mice to see if the increased intrahepatic monomer level
led to increased secretion, or simply an increase in the
steady state of the intrahepatic monomer which is not
secreted (Figure 2e). The result revealed no significant
difference in a1AT mutant Z serum levels in the PiZ mice
treated with weekly rapamycin compared with the weekly
vehicle-treated controls. This indicated that there was no
increased secretion of the mutant Z protein, but raised
the possibility that the increased degradation of the
polymer in the hepatocyte led to further alterations in the
intracellular compartmentalization of the a1AT mutant Z
protein.

Rapamycin is known in some systems to alter protein
synthesis. Since we had detected a modest increase in
steady-state a1AT mutant Z monomer associated with rapa-
mycin noted above, we next wanted to determine whether
there was evidence of altered protein synthesis in the
rapamycin-treated PiZ mouse livers. We found no difference
in total protein per gram mouse liver between rapamycin-
treated and controls in either males or females. We also
compared serum murine albumin levels and found no
difference between rapamycin-treated and controls in
either males or females. We next quantified steady-state
liver a1AT mRNA and found no significant difference
between all the combined groups of rapamycin-treated
versus control PiZ mice. However, when the male subgroup
was analyzed alone there was a 55% increase in a1AT
mRNA in the rapamycin-treated group compared with con-
trols which reached statistical significance (P ¼ 0.042). This
was the same group of males that had a similar, small
increase in the monomer a1AT mutant Z protein, suggesting
a modest increase in a1AT synthesis as the mechanism.
Previous studies have suggested, in both ZZ humans and
in the PiZ mouse model, that there are sex hormone-based

Figure 1 Lack of effect of daily dosing rapamycin on autophagy and a1AT

protein in the liver in PiZ mice. (a) Percent area of hepatocellular cytoplasm

occupied by autophagic vacuoles, determined as described by morphometric

counting by a single blinded examiner, in PiZ mice treated with daily dosing

rapamycin versus vehicle control PiZ mice (P . 0.4 by ANOVA). Bars +SD

(b) Representative examples of SDS-PAGE followed by immunoblot for a1AT

from PiZ mouse liver treated with daily dose rapamycin (Rapa) or vehicle

control (Con) of total hepatic protein lysate (T) or after separation of a1AT

monomers (M) from polymers (P). Actin loading controls below, as shown.

Note, the polymers are denatured to monomers before loading and therefore

run at the monomeric 52 kDa of the intracellular form of a1AT protein. Also,

actin is only recovered in the M fraction. Molecular weight markers, Mr

�103 as shown. SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis
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alterations in a1AT mutant Z protein synthesis and accumu-
lation, as noted above.

Weekly, pulsatile dosing of rapamycin is associated
with reduced cytoplasmic a1AT mutant Z polymer
accumulation

The classically described histopathological lesion of a1AT
deficiency liver disease is the appearance of ‘globules’ of

a1AT mutant Z polymerized protein within massively
dilated single cisternae of ER. In human liver, and in the
PiZ model, these globules appear in many, but not all hepato-
cytes; they grow larger as the organism grows older, and they
can become as large as the hepatocyte nucleus.7,20,24

However, previous studies have shown that a1AT mutant Z
protein polymers are also present in non-dilated ER within
the hepatocellular cytoplasm, even in hepatocytes without
globules.7,16 We next examined the PiZ livers treated with

Figure 2 Effect of weekly pulse dosing rapamycin on autophagy and a1AT protein in the liver in PiZ mice. (a) Percent area of hepatocellular cytoplasm occupied

by autophagic vacuoles in PiZ mice treated with weekly dosing rapamycin versus vehicle control PiZ mice (P , 0.5 by ANOVA). Bars+SD. (b) Representative

example of SDS-PAGE followed by immunoblot for LC3 from a wild-type mouse liver fasted 12 h (fast) as a positive control, PiZ mouse liver treated with

weekly dose rapamycin (Rapa) or vehicle control (Con) of total hepatic protein lysate. LC3-I and LC3-II reactive bands are shown. Actin loading controls as

shown, below, and molecular weight markers, Mr � 103 as shown. (c) Representative examples of SDS-PAGE followed by immunoblot for a1AT from PiZ

mouse liver treated with weekly dose rapamycin (Rapa) or vehicle control (Con) of total hepatic protein lysate (T) or after separation of a1AT monomers (M)

from polymers (P). Note, the polymers are denatured to monomers before loading and therefore run at the monomeric 52 kDa of the intracellular form of a1AT

protein. Molecular weight markers, Mr � 103 as shown. (d) Quantification by electronic gel scanning of the means of the weekly treated mice and controls, as

from panel b. Left panel is total (Total) intrahepatic a1AT mutant Z protein, right panel is monomer (M) and polymer (P) separation. Comparisons as noted,
#P , 0.03, �P , 0.02, ˆP , 0.02. (e) Mean serum a1AT protein levels at sacrifice in PiZ mice treated with weekly rapamycin compared with controls. Bars +SD.

Comparison P . 0.4. SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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weekly rapamycin compared with the weekly vehicle-treated
controls by histological examination to determine whether
there were changes in globule accumulation (Figure 3a).
The results showed no difference in either globule number
or in globule size in the rapamycin-treated mice compared
with controls (there was an indication of a trend of reduced
globules, but it did not reach statistical significance). We
then performed immunohistochemistry for a1AT, which
labels both a1AT globules and also any areas of cytoplasm
devoid of globules, but which contain a1AT mutant Z
protein. Both the human and the PiZ mouse liver are
known to be heterogeneous with respect to a1AT protein syn-
thesis and in hepatocellular globule accumulation. In pre-
vious studies immunohistochemistry has clearly delineated
hepatocytes with intracellular accumulation of a1AT
mutant Z protein, even if there was no globule formation.16,20

The results of a1AT immunostaining in the rapamycin-
treated mice show that cytoplasmic a1AT staining is not
present in the globule devoid areas. This is in significant con-
trast to the control PiZ mice that show typical dense staining,
even in many areas of the hepatic lobule devoid of globules,
which has been previously shown to represent a1AT
mutant Z polymers not incorporated into globules
(Figure 3b).7,16 This result indicates that reduction in a1AT
mutant Z protein polymers not within globules is associated
with weekly rapamycin dosing, and could suggest that
autophagy is important in degrading a1AT mutant Z
polymer proteins that have been recently synthesized and
not yet incorporated into globules.

Liver injury is reduced in PiZ mice treated with
weekly, pulsatile dosing of rapamycin

There is a complex injury cascade in human liver, and in PiZ
mouse model liver resulting from the intracellular accumu-
lation of a1AT mutant Z protein, which is likely maximally
stimulated by accumulation of the mutant Z protein specifi-
cally in the polymerized conformation.2,11,35,36 This includes
ER stress with cleavage of the murine ER stress-related
protein, caspase 12, increased apoptosis of globule-
containing cells, a compensatory hepatocellular proliferative
response, and dysplasia. Since rapamycin might have had
effects on the inflammatory response through its immuno-
suppressive activity, we first examined scoring of inflam-
mation under histopathological examination by a single,
blinded examiner (EB) (Figure 4a). The standard analysis
in clinical hepatology studies uses scoring range of 1–4
(1 ¼mild expansion of portal tract with leucocytes to 4 ¼
sheets of infiltrating leucocytes in the lobule and portal
areas deforming the architecture). The results showed no
reduction in the modest lobular, lymphocytic infiltrate
present (mean 0.8 and 0.9 rapamycin and control PiZ
livers, respectively) in the liver of the PiZ mice treated
with weekly rapamycin compared with controls. This is
not unexpected since attack by leucocytes is not thought
to be a large part of the pathophysiological injury cascade
in this disease. Previous publications have also shown that
TUNEL stain is not informative in quiescent liver in this
model.11 However, several investigators have shown that
apoptotic signaling, including caspase 12 cleavage, which

Figure 3 Effect of weekly pulse dosing rapamycin on the distribution of a1AT protein in the liver in PiZ mice. (a) Photomicrograph of PiZ mouse liver treated with

weekly dose rapamycin (left panel) versus control (right panel) stained with Periodic Acid-Schiff and digestion to highlight globules (dark hepatocellular inclusions

shown on light background) of a1AT mutant Z protein. (b) a1AT immunohistochemical staining of globule devoid areas of PiZ mouse liver from weekly rapamycin

treated (left panel) and controls (right panel). Dark areas indicate increased a1AT immunoreactivity
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is thought to be specifically related to ER stress apoptosis,
is associated with a1AT mutant Z polymer protein cell
injury.8,9,11,28,37 – 39 Therefore, we next examined the clea-
vage of caspase 12 by immunoblot of the homogenized
livers. The results showed significantly decreased cleaved
caspase 12 in the weekly rapamycin-treated PiZ mice com-
pared with controls (Figure 4b). Next, we examined hepa-
tocellular proliferation by BrdU incorporation into dividing
hepatocellular nuclei to assay the hepatic proliferative
response, which compensates for increased hepatocellular
death.8,9 Previous studies in the PiZ mouse have shown
that increased injury results in increased hepatocellular
death and a compensatory increase in the proliferation of
the remaining hepatocytes to preserve hepatocellular
mass. Previously published studies demonstrated that
increased a1AT mutant Z protein polymer in the liver
was associated with increased compensatory hepatocellular
proliferation. Our results here show that weekly rapamycin

treatment is associated with a significantly decreased hepa-
tocellular proliferation, which suggests a decrease in
hepatocyte-injury-related reactive proliferation (Figure 4c).
Finally, we examined the effect of rapamycin on hepatic
fibrosis using Sirius red staining, which labels as red
fibrous tissue in the hepatic parenchyma. Previous
studies of the PiZ model have shown increased suscepti-
bility to hepatic fibrosis compared with wild-type mice
(Mencin et al.28 and manuscript under review). Our
results revealed a significant reduction in hepatic fibrosis
associated with rapamycin treatment. Scoring by single,
blinded examiner (JT) using the Ishak System commonly
used in clinical hepatology studies to evaluate progression
of fibrotic liver injury (Ishak system 1–6: 1 ¼ normal, 2 ¼
portal tract expanded by fibrosis, 3 ¼ fibrosis bridging
between portal tracts, 4 ¼ complete bridging forming
nodules, 5 ¼ regenerative nodules with loss of central
vein and other normal structures, 6 ¼ severe cirrhotic

Figure 4 Effect of weekly pulse dosing rapamycin on liver injury in PiZ mice. (a) Inflammation graded 1þ to 4þ by blinded examiner and shown as means in

weekly rapamycin treated (left panel) versus controls (right panel). Bars +SD. Comparison P . 0.3. (b) Example of SDS-PAGE followed by immunoblot for

caspase 12 (left panel) and means of densitometric quantification of replicates (right panel) of PiZ mice treated with weekly rapamycin versus controls. Arrow

indicates 37–39 kDa cleaved (activated) caspase 12. Bars +SD. Molecular weight markers, Mr � 103 as shown. Comparison �P , 0.04. (c) Quantification of

mean percent BrdU labeled hepatocellular nuclei from male PiZ mice treated with weekly rapamycin compared with controls. Bars +SD. Comparison �P ,

0.03. (d) Hepatic fibrosis as shown by red fibers in representative photomicrographs stained by Sirius red in WT mice (left panel), weekly PiZ rapa treated

(middle panel) compared with control (right panel) PiZ mice. (A color version of this figure is available in the online journal)
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regenerative nodules) resulted in mean scores of WT ¼ 1.0,
PiZ rapa ¼ 1.7, PiZ control ¼ 2.6 (P , 0.05 PiZ rapa com-
pared with PiZ control).

Discussion

These data suggest the possibility of a new approach to
a1AT deficiency, a metabolic liver disease which at present
has no specific treatment other than liver transplantation.
A large number of studies over the last decade have con-
firmed the hypothesis that the intrahepatic accumulation
of the a1AT mutant Z protein, especially the pool in the
polymerized conformation, is the cause of the liver injury
in a1AT deficiency.2,11,35,36 Here for the first time, we
present data on an in vivo method associated with reduced
accumulation of a1AT mutant Z protein polymers.
However, additional future work will be required as many
questions remain.

First, what aspects of the regulation of autophagy
respond more strongly to weekly, pulsatile dosing rather
than daily dosing of rapamycin? We are presently examin-
ing this question. Detailed analysis of this and other
pharmacokinetic issues will be needed in order to plan a
possible evaluation of this treatment in human patients.
Second, why did the effect of increased proteolysis appear
to be greatest on the a1AT mutant Z polymers not incorpor-
ated into globules? The role of globule formation in this
disease is still poorly understood, although our previous
work has shown that the globules are pure a1AT mutant
Z protein in the polymerized conformation and that
globule-containing cells are more susceptible to apoptotic
death.11 However, it is not yet clear if the globule is an indi-
cator of injury to an individual hepatocyte, or if globule for-
mation is a method of sequestration of the cytotoxic
polymer as a means of protecting an already injured cell
from further damage.40,41 Previous data show that
globule-containing cells are more likely to undergo apopto-
sis than globule devoid cells, and that globule devoid cells
tend to be dividing more frequently to replace dying,
globule-containing hepatocytes.11 Therefore, we would
propose that the hepatocytes form globules only after the
active proteolytic mechanisms have been unable to keep
the steady-state level of intrahepatic a1AT mutant Z protein
polymer accumulation below some threshold level. Then
the globule forms, which could be a marker for a cell spiral-
ing down the injury cascade to apoptosis. If this hypothesis is
correct, then the effect of rapamycin on reducing a1AT
mutant Z protein polymer in cells that have not yet ‘lost
the battle’ in resisting globule formation, might be especially
beneficial to the liver in reducing cell death and liver injury.

Our data further support this view by showing that the
compensatory hepatocellular proliferation, which has been
well documented to be related to liver injury in this, and
in other disease models, was reduced by the rapamycin
weekly treatment. It is possible that we did not see a
larger effect on globule accumulation because we started
treating mice at full maturity. We chose this age, three
months, because past work in this model had suggested
that at this age there is significant ongoing injury in the

liver. Further, we felt that initiating a potentially beneficial
treatment at this age of high injury would experimentally
increase our chances of observing reduced injury, such as
the reduced caspase 12 cleavage we documented. Our
past work has shown that globules are already well
formed, and grow only slowly in mice older than three
months.

The cautionary aspect of this work is the detection of the
small increase in a1AT mutant Z protein monomers in the
male mice, and which appeared to be associated with a
small, but statistically significant increase in a1AT mRNA
in those same males. Although the magnitude of a 55%
increase is fairly modest when considering the physiological
significance of mRNA measurements, it was at a statistically
significant P value of P ¼ 0.042. However, the overall
hepatic burden of a1AT protein in those livers was
decreased due to a much greater magnitude in the reduction
of the polymerized mutant Z protein. There was no change
in the serum levels associated with rapamycin treatment,
which suggested that this small increase in monomer
protein was disposed of by intracellular proteolysis. These
issues will require careful study in future efforts to bring
pro-autophagic treatments to humans with a1AT deficiency.

In conclusion, we have shown that rapamycin is associ-
ated with increased autophagy and reduced injury in this
in vivo model of a1AT deficiency. Additional biochemical
and cell biological analysis will be needed to understand
the exact mechanism of this drug in mitigating liver injury
in the PiZ mice so that it can be developed into a viable
treatment for human disease.
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