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role in protecting organisms against oxidative damage caused by reactive oxygen
species (ROS) by degrading surplus hydrogen peroxide. Addition of exogenous catalase can alleviate injuries
caused by ROS. Thus, production of human catalase through genetic engineering will meet the increasing
therapeutic demand for this enzyme. In this study, we successfully expressed the recombinant gene in mouse
mammary gland, and biologically active human catalase was secreted into the milk of the transgenic mice.
The peroxisomal targeting sequence (PTS) within the catalase gene had no significant negative effect on the
secretion of the recombinant protein. Intake of the transgenic milk by the pups was found to decrease lipid
peroxidation, increase the total superoxide dismutase (T-SOD) activity in the brain, and enhance the total
antioxidative capacity (T-AOC) of brain, liver, and serum. To our knowledge, this is the first example of
efficient production of biologically active human catalase in the milk of transgenic animals. Our study
suggests that scaled-up production in transgenic farm animals would yield sufficient human catalase for
biomedical research and clinical therapies.

© 2008 Published by Elsevier Inc.
Introduction
Since the free radical theory of aging was conceived in 1956 [1],
increasing evidence has implicated reactive oxygen species (ROS), by-
products of aerobic metabolism, as a major cause of aging and aging-
associated diseases [2,3]. Model species with prolonged lifespans in-
cluding yeast, Caenorhabditis elegans, Drosophila, and mouse have
been established by genetic mutation or transgenic manipulation [4–
6]. These models show enhanced responses attenuating oxidative
damage to genome integrity and cellular components. In contrast,
models with premature aging syndromes show lower tolerance to
oxidative stress. Such encouraging evidence suggests that appropriate
improvements in antioxidant agents may enable the aging process to
be delayed effectively and age-related pathology to be resisted.

Cells possess an impressive repertoire of antioxidant enzymes
including superoxide dismutase (SOD), which catalyzes the dismuta-
tion of O2

.- to H2O2, and glutathione peroxidase (GPX) and catalase
(CAT), which convert H2O2 to water. Catalase has been found to be a
longevity-determining enzyme [7,8]. Overexpression of human cata-
lase targeted to mouse mitochondria extended the median and
maximal lifespan by about 20%, delaying the development of cardiac
roxisomal targeting sequence;
roxidase; CAT, catalase; MDA,
munoassay; ER, endoplasmic

lsevier Inc.
pathology and cataract [6]. Catalase is also involved in several human
genetic diseases such as diabetes mellitus, hypertension, vitiligo, and
acatalasemia [9]. It may therefore have therapeutic implications:
exogenous catalase has proved effective in protecting against
oxidative stress in many in vitro and in vivo studies [10–16].

The increasing demand for human catalase in biomedical research
and clinical therapies will certainly lead to a shortfall in the supply of
human blood-derived catalase. To overcome this problem, genetic
engineering can be used to produce recombinant catalase. Human
catalase has been successfully expressed in Escherichia coli, yeast,
mammalian cells, and transgenic animals, but has not been obtained in
themilk of transgenic animals [17,18].Mammarygland offers a number
of advantages over cell culture systems as a bioreactor: (1) milk pro-
vides a safe, abundant, and easily obtainable source of raw material
from which the expressed recombinant protein can be purified, and
yields of the recombinant protein can be 10- to 1000-fold higher than
from cell culture systems; (2) transgenic lines maintain consistent
protein expression across generations; (3) posttranslational modifica-
tions of the recombinant protein remain consistent, whereas post-
translational modifications in cell culture can vary depending on the
exact culture conditions [19–22]. ATryn, the first recombinant protein
derived from a transgenic milk expression system, was approved for
clinical use in Europe by the European Medicines Agency in 2006,
heralding the commercial exploitation of animal transgene expression
systems [21].

Maternally transmitted milk not only provides the offspring with
nutrients for growth but also protects them against various
pathogens in their early lives [23]. However, whether increased

mailto:ninglbau@public3.bta.net.cn
http://dx.doi.org/10.1016/j.freeradbiomed.2008.07.019
http://www.sciencedirect.com/science/journal/08915849


1136 Z. He et al. / Free Radical Biology & Medicine 45 (2008) 1135–1142
levels of antioxidant enzymes in the milk will attenuate oxidative
stress in the offspring has not been investigated. In this study, we
showed that a recombinant human catalase gene in mouse mammary
gland was successfully expressed, producing human catalase in the
milk of the transgenic mice. We examined the antioxidant effect of
the transgenic milk on the pups during lactation. We hope that milk
with a higher human catalase content will improve infant formulae in
the future.

Materials and methods

Construction of human catalase expression vectors and generation of
transgenic mice

A CDS of the human catalase gene with SalI restriction sites added
to each end was obtained by PCR amplification of a commercial EST
clone (Imgage 4515735) (Invitrogen, USA) with the following pair of
primers: forward, 5′-TTGTCGACAACCGCACGCTATGGCTGAC-3′; reverse,
5′-TTGTCGACCCTCACAGATTTGCCTTC-3′. The genewas then cloned into
a pMD18-T (Takara, Japan) vector to form pMD-hCAT. A synthetic DNA
sequence corresponding to the bovine beta-casein signal peptidewith a
SalI restriction site on the 5′ terminus and the first 15 bp nucleotides of
the CDSwas inserted into pMD-hCAT using SalI and BamHI. The human
catalase CDS with the beta-casein signal peptide was subsequently
cloned into a pBC1 milk expression vector (Invitrogen) using the XhoI
site, generating the human catalase secretory expression vector pBC-
sighCAT (Fig. 1). To delete the 11 carboxy-terminal amino acids
constituting the peroxisomal targeting sequence (PTS), the following
primers were used for PCR amplification: forward, 5′-TTGTCGACACCA-
TGAAGGTCCTCATCC-3′; reverse, 5′-TTGTCGACTCATCCGGACTGCA-
CAAAGG-3′. The PCR product with SalI sites added to each end was
also inserted into pBC1 from the XhoI site, ultimately generating the
pBC-sighCATD expression vector (Fig. 1).

Kunming White mice were purchased from Beijing Laboratory
Animal Research Centre (Beijing, China). For microinjection, the pBC-
sighCAT and pBC-sighCATD constructs were digested with NotI and
SalI for linearization to remove the prokaryotic components. The 17-
kb fragments containing the human catalase gene were purified by
agarose gel electrophoresis followed by extraction with an E.Z.N.A gel
exaction kit (OMEGA Bio-tek, USA). The fragments (concentration
adjusted to 3 ng/μl) were microinjected into fertilized Kunming
White mouse eggs, which were subsequently reimplanted into
pseudo-pregnant females. The mice were housed in the specific
Fig.1. Schematic diagrams of the pBC-sighCATand pBC-sighCATD expression vectors. Express
derived from chicken beta-globin were designed to shield this promoter from nearby regula
DNA sequence corresponding to the bovine beta-casein signal peptide MKVLILACLVALAIA
construct. The pBC-sighCAT cDNA contained the 11 residue peroxisomal targeting sequenc
sighCATD construct.
pathogen-free transgenic mouse centre of the China Agricultural
University, Beijing.

Identification of transgenic mice

Genomic DNAwas isolated frommouse tails. A pair of pBC1 vector-
specific primers was used to screen for positive transgenic mice
(forward primer, 5′-GATTGACAAGTAATACGCTGTTTCCTC-3′; reverse
primer, 5′-CATCAGAAGTTAAACAGCACAGTTAG-3′). The primers
amplified the 1.6-kb insert of the human catalase coding sequence.
PCR was performed under the following conditions: after initial
denaturation at 94°C for 5 min, 30 cycles were performed at 94°C for
1 min, 58°C for 30 s, and 72°C for 2 min. A final extension at 72°C for
7 min was performed after these cycles.

After PCR screening, themicewere further confirmed as transgenic
by Southern blots. Integration of the constructs was identified by
BamHI digestion of genomic DNA (30 μg) extracted from the tails. DNA
fragments were separated on a 1% agarose gel and blotted on Hybond-
N+ membrane (Amersham Biosciences, USA). Transgene integration,
integrity, and copy number were determined using the 1.6-kb CDS
fragment derived from the expression construct. Probes were labeled
with alkaline phosphatase. The hybridization signal was detected by
the CDP-Star chemiluminescent method using a Gene Images AlkPhos
Direct Labeling and Detection System (Amersham Biosciences). Copy
numbers of transgenes were estimated by comparing the hybridiza-
tion signal density of the genomic DNA samples with plasmid DNA
using Quantity One software.

Analysis of transgene expression

RT-PCR
Total RNAwas extracted from themammarygland andother tissues

(heart, liver, spleen, lung, kidney, brain, and muscle) with TRIzol
reagent (Tiangen, China) followed by DNase I digestion. Transgene
expression was measured at midlactation and postlactation. The first-
strand cDNAwas synthesizedwith olig-dT (Promega, USA), then a pair
of primers was used to detect transgene expression: forward, 5′-CTG-
CCAATGATGATAACG-3′, complementary to the human catalase coding
sequence; reverse, 5′-TAGTAGCATGATGCAAGG-3′, complementary to
exon 9 of goat beta-casein on the backbone of pBC1. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA levels were used as a
housekeeping control (primers were forward, 5′-AGCCTCGTCCCGTA-
GACAAAA-3′, and reverse, 5′-TGGCAACAATCTCCACTTTGC-3′).
ionwas driven by the goat beta-casein promoter, and two tandem copies of the insulator
tory elements, allowing position-independent expression of the transgene. A synthetic
was added to the amino-terminus of human catalase to generate the pBC-sighCAT

e (PTS) on the carboxy-terminus. Deletion of the PTS in pBC-sighCAT yielded the pBC-
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Western blotting
Milk collected from the transgenic mice was centrifuged

(7500 rpm) at 4°C for 15 min to remove the lipid, separated by
electrophoresis on 10% SDS-polyacrylamide gels, transferred to
nitrocellulose membranes (Amersham Biosciences), and then blotted
with a sheep polyclonal antibody to catalase (1:1000) (Abcam, UK)
and HRP-conjugated rabbit anti-sheep IgG antibody (1:2500) (KPL,
USA) as per the manufacturer's protocol.

Immunohistochemistry
Frozen sections of mouse mammary gland, intestine, brain, and

liver were loaded onto glass slides pretreated with polylysine and
fixed with acetone for 15 min at room temperature. The sections were
then treated with 3% H2O2 in PBS for 30 min to quench endogenous
peroxidase activity. After blocking nonspecific binding sites with 1%
bovine serum albumin in TBS for 2 h, the specimens were incubated
overnight at 4°C with the sheep polyclonal anticatalase (1:100)
(Abcam), followed by incubationwith the HRP-conjugated rabbit anti-
sheep IgG antibody (1:1000) (KPL) for 2 h. The antibody binding sites
were visualized by incubating the tissue sections with DAB-H2O2

provided in a DAB kit (Zhongshan Goldenbridge Biotechnology,
Beijing, China). Finally, the sections were counterstained with
hematoxylin, dehydrated, mounted, and viewed with a microscope
equipped with a DP70 CCD camera (Olympus, Japan).

Radioimmunoassay
To quantify the recombinant human catalase in milk, a radio-

immunoassay (RIA) was performed in the Institute of Atomic Energy
Utilization, Chinese Academy of Agricultural Sciences.

Catalase specific activity

Human catalase activity was detected in the transgenic milk using
a catalase analysis kit (Beyotime Biotechnology, China) according to
the manufacturer's instructions. Briefly, the samples were treated
with excess hydrogen peroxide and incubated for an exact time, and
the remaining hydrogen peroxide (not decomposed by catalase) was
coupled with a substrate that on treatment with peroxidase produced
N-4-antipyryl-3-chloro-5-sulfonate-p-benzoquinonemonoimine,
which has an absorption maximum at 520 nm and was quantified
spectrophotometrically. Catalase activity was then calculated from the
assay results. The protein concentration in the milk was measured
with a Bradford protein assay kit (Beyotime Biotechnology).
Fig. 2. Identification of positive transgenic mice. (A) Polymerase chain reaction for detecting
approximately 1.6-kb insert. M, marker ladder; P, vector as positive control; N, genomic DN
mouse male lines. P2 and P4, two and four copies of plasmid as positive controls; N, genomi
sighCAT. (D) Southern blot of pBC-sighCATD founder lines. The hybridization signal was qua
Measurement of MDA, T-SOD, and T-AOC

Tissue homogenates were prepared by soaking brain and liver
tissues from the offspring in a lysis buffer containing 20 mM Tris (pH
7.5), 150 mM NaCl, 1% Triton X-100, and the protein inhibitors sodium
pyrophosphate, β-glycerophosphate, EDTA, Na3VO4, and leupeptin
(Beyotime Biotechnology), and then homogenizing with a TissueLyser
(Qiagen, Germany). The protein concentration in the homogenate was
measured with a Bradford protein assay kit (Beyotime Biotechnology).

Malondialdehyde (MDA) in the tissue homogenates and sera of the
offspring was measured with an MDA analysis kit (Nanjing Jiancheng
Bioengineering Institute, China) following the manufacturer's instruc-
tions. Briefly, the samples were treated with thiobarbituric acid (TBA),
which in the presence of MDA produces a red compound with an
absorption maximum at 532 nm. The concentration of MDA was
calculated by comparing the absorbance to that produced by the
control standard 1,1,3,3-tetraethoxypropane.

Total superoxide dismutase (T-SOD) activity in the tissue homo-
genates and sera was measured with a T-SOD analysis kit (Nanjing
Jiancheng Bioengineering Institute). The method utilized a tetrazo-
lium salt to quantify the superoxide radicals generated by xanthine
oxidase and hypoxanthine. A standard curve was generated using a
quality-controlled SOD standard. The T-SOD activities in the samples
were calculated by comparison with the standard.

The total antioxidative capacity (T-AOC) of the tissue homogenates
and sera was measured with a T-AOC analysis kit (Nanjing Jiancheng
Bioengineering Institute). This kit utilized antioxidants in the samples
to reduce Fe3+ to Fe2+, which was then chelated with porphyrin to
produce a purple complex; this was quantified by measuring the
absorbance at 550 nm. The T-AOC of the samples was determined by
comparison with the controlled standard.

Statistical analysis

The experimental data were analyzed by a one-way ANOVA using
SPSS15.0 software.

Results

Generation of transgenic mice

Founder transgenic animals were first identified by PCR (Fig. 2A)
and then confirmed by Southern blot analysis (Figs. 2B, C, and D).
pBC-sighCAT transgenic mice; a pair of pBC1-specific primers was used to amplify an
A of wild-type mouse as negative control. (B) Southern blot of pBC-sighCAT transgenic
c DNA of wild-type mouse as negative control. (C) Southern blot of female lines of pBC-
ntified by scanning band density using Quantity-One software (Bio-Rad).



Fig. 3. Tissue-specific expression of human catalase. RT-PCR was performed using RNA
extracted from mammary gland and seven other tissues from transgenic females.
GAPDH mRNA levels were used as a housekeeping control. The primers for detecting
human catalase were expected to amplify an approximately 1.7-kb fragment from the
genomic DNA of the transgenic mice, but an approximately 400-bp fragment from the
transcript. The primers for GAPDH were expected to produce a 110-bp fragment from
the GAPDH transcript. M: marker ladder. P: upper lane, expression vector as positive
control; lower lane, mammary gland of a wild-type mouse. N: upper lane, mammary
gland of awild-type mouse as negative control; lower lane, double-distilled water. Mid-
Lac and Post-Lac represent midlactation and postlactationmammary gland respectively.

Fig. 5.Western blotting of human catalase in milk. Milk from female pBC-sighCAT (A, B)
and pBC-sighCATD (C) transgenic mouse founder lines was subjected to analysis. In each
lane, 0. 2 μl milk was loaded. The blot was developed with sheep polyclonal antibody to
catalase primary antibody and then with HRP-conjugated rabbit anti-sheep IgG second
antibody. P, purified human erythrocyte catalase (Sigma) as positive control; N, milk
from a wild-type mouse as negative control.
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Among the 61 pups assayed for the pBC-sighCAT vector, 20 were
positive; for the pBC-sighCATD vector, 16 out of 42 pups assayed were
positive. For both constructs, the insert copy numbers varied from 1 to
37. For the pBC-sighCAT vector, male line 40 and female lines 32 and
33 were found to have higher copy numbers; for the pBC-sighCATD
vector, male line 1 and female line 27 had the higher copy numbers.

Tissue-specific expression of human catalase

The tissue specificity of human catalase expression in transgenic
females was assessed by RT-PCR using RNA isolated frommidlactation
Fig. 4. Immunohistochemical analysis of mouse mammary glands. Cryosections were
stained with a donkey anti-human catalase primary and a peroxidase-labeled anti-
donkey IgG secondary and visualized with DAB. Extensive staining (dark brown) was
present in the transgenic mammary gland epithelia (B) but absent from controls (A).
Scale bar=50 μm.
and postlactation mammary gland and seven other tissues (heart,
liver, spleen, lung, kidney, muscle, and brain). Intensive amplification
was observed in midlactation mammary gland and weaker amplifica-
tion in postlactation mammary gland. No transcripts were detected in
the other tissues except for an extremely weak signal in kidney (Fig.
3). This was not unexpected because the human catalase gene was
under the control of a mammary gland-specific promoter, the goat
beta-casein promoter, which is regulated by lactation-related
hormones.

We used indirect immunohistochemistry to confirm the presence
of human catalase in mammary gland. Fig. 4 shows extensive positive
DAB staining in mammary gland epithelia from midlactation trans-
genic mice but not in controls. Obviously the recombinant proteinwas
strongly expressed in the transgenic mammary gland.

Secretion of biologically active recombinant human catalase into mouse
milk

The successful secretion of recombinant human catalase into milk
was verified by Western blotting (Fig. 5) and the enzyme content was
quantified by radioimmunoassay (Fig. 6). Human catalase production
varied markedly among founder lines. Lines 33, 42, and 44 of the
pBC-sighCAT transgenic females were more productive, while line 27
of the pBC-sighCATD transgenic females was most productive. The
specific activity of catalase in the milk corresponded to the human
catalase concentration (Fig. 7), showing that the secreted recombi-
nant enzyme retains at least some of its natural biological activity.
Fig. 6. Quantification of human catalase in milk. The concentration of human catalase in
milk was determined by radioimmunoassay (RIA). WT, wild-type; solid bars represent
pBC-sighCAT transgenic mice; skewed line bars show pBC-sighCATD transgenic mice.



Fig. 7. Specific activity of catalase in milk. Catalase activity in milk was determined by a catalase analysis kit (Beyotime Biotechnology, China). Open bars show wild-type mice, solid
bars represent pBC-sighCAT transgenic mice, and skewed line bars show pBC-sighCATD transgenic mice.

Fig. 8. Fluctuating expression of human catalase throughout lactation. Milk from six
transgenic females with higher human catalase production was collected during early,
middle, and late lactation for quantification by RIA. CAT and CATD: pBC-sighCAT and
pBC-sighCATD transgenic mice, respectively.
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Unexpectedly, deletion of the peroxisomal targeting sequence did not
improve production significantly. Retention of the PTS in pBC-
sighCAT transgenic mice had no substantial effect on secretion. In
addition, the fluctuations in expression pattern throughout lactation
resembled the milk yield curve. Typically, less human catalase was
expressed early in lactation; expression gradually increased to a peak
in midlactation and gradually decreased again through the late stage.
For example, in the milk of line 27 of pBC-sighCATD transgenic
females, the human catalase contents were 40.15, 145.53, and
81.45 μg/ml during early, middle, and late lactation, respectively
(Fig. 8). Human catalase expression, like other milk proteins, was
probably under the control of lactation-related hormones, the levels
of which vary during lactation; although human catalase is not
naturally secreted, the recombinant enzyme was successfully
secreted into the milk of the transgenic mice. However, compared
to the average endogenous catalase concentration of 46.58 μg/ml, as
determined by RIA, the increase in the milk catalase content was
limited.

Transmission of recombinant human catalase in milk to offspring

In order to examine whether the recombinant human catalase in
the milk of the transgenic females was passed to their offspring, five
pups from the second generation of pBC-sighCATD founder line 27
and five from a wild-type female were sacrificed on the third day
after birth. The intestine, brain and liver were collected for
immunohistochemical analysis of frozen sections. Positive DAB
staining in the absorptive cells and central lacteals in the intestines
of pups milked by transgenic females (Fig. 9B) indicated that the
recombinant human catalase in the milk was actively taken up and
possibly assimilated into the circulation. Positive staining in the
cerebral cortex, hepatic sinusoids, and hepatocytes implied that the
enzyme had been successfully delivered to different pup tissues
(Figs. 9D and F).

Transgenic milk provided partial protection to the mouse offspring

To investigate the protective effect of the transgenic milk on the
mouse offspring, three females from the second generation of the
pBC-sighCATD founder lines 27 and 42 and three wild-type females
were selected for milking of littermates from birth to the end of
lactation (Table 1). Each female milked 10 littermates. After lactation,
all the littermates were sacrificed, and liver, brain, and serum were
collected for analysis. The accumulation of MDA, indicating the
sensitivity of membranes to lipid peroxidation, was lower in the
brains of transgenic littermates, but there was no statistically
significant decrease in liver or serum (Fig. 10A). SOD activity was
substantially elevated in the brain (Pb0.001) (Fig. 10B) but not in liver
or serum. The total antioxidative capacity was higher in brain, liver,
and serum, but there was no statistically significant difference in brain
(P=0.14). Overall, the transmitted milk containing human catalase
appeared to enhance the tissue antioxidant defenses of littermates,
thus protecting them against oxidative stress.

Discussion

Catalase is naturally a nonsecretory protein; the monomer is
synthesized on free cytosolic ribosomes and then imported into the
peroxisome matrix to form an active homotetrameric heme-contain-
ing enzyme [24–26]. To our knowledge, this is the first time that
secretion of biologically active human catalase into the milk of
transgenic animals has been achieved. A peroxisomal targeting
sequence has been identified at the extreme carboxy-terminus of
the human catalase gene [27]. To investigate its effect on recombinant
human catalase secretion, we generated two types of transgenic mice.
In one, containing wild-type human catalase cDNA, expression was
driven by the bovine beta-casein signal peptide. In the other, the 11
carboxyl-terminal amino acids constituting the PTS were deleted. The
correspondence between elevated activities and higher human
catalase concentrations in the milk of the transgenic mice indicated
that deletion of the PTS did not markedly impair catalase activity. The
insignificant difference in milk enzyme concentration between these
two transgenic strains indicated that the targeting capacity of the PTS
was at least partially lost, presumably because the PTSwas shielded by
the endoplasmic reticulum (ER). The nascent polypeptide synthesized
on the free cytoplasmic polyribosomes was translocated into the ER
lumen, led by the signal peptide. In contrast to the complex
components in the cytosol, the lumen may lack a PTS recognition
complex, resulting in inefficient targeting to peroxisome.
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Many studies have shown that administration of pure catalase
protects against oxidative stress in aged experimental animals or
pathological tissues [10,14,28]. However, the possibility that recombi-
nant catalase can be transmitted to pups through suckling and provide
protection against oxidative stress has not previously been tested. We
have performed these experiments and the results indicate that the
transgenic milk provided partial protection to the littermates. The
littermate brains benefited considerably from the transgenic milk:
levels of the lipid peroxidation product MDAwere decreased, the SOD
activity was markedly increased, and the total antioxidative capacity
was slightly greater. In two other tissues, liver and serum, though we
found no decrease in MDA or increase in SOD, the total antioxidative
capacitywas enhanced. Again, our data reemphasized that brain tissue
(even in very young littermates) is especially vulnerable to oxidative
stress because of its high oxygen consumption, abundant lipid content,
Fig. 9. Immunohistochemical detection of recombinant human catalase in intestine, brain, an
and a peroxidase-labeled anti-donkey IgG secondary and visualized with DAB. Extensive stain
by transgenic females (B) but absent from controls (A); positive staining was apparent in cere
positive signal was detected in the hepatic sinusoids and hepatocytes of pups from transgeni
the other figures it is 50 μm.
and relative paucity of antioxidant enzymes compared to other tissues
[29,30]. In addition, since the brain is a less proliferative tissue, the
accumulation of products of oxidative damage are easier to detect than
they are in rapidly proliferating tissues such as liver or short half-life
cells such as erythrocytes. Thus, we can detect the decrease of MDA in
the brain but not in liver or serum. In mammals, several antioxidant
enzymes work in both parallel (different enzymes have similar roles,
e.g., catalase and GPX) and series (enzymes operate in tandem to
decompose radicals to harmless products, e.g., SOD and catalase) to
provide the primary defense against oxidative stress [2]. Thus, elevated
antioxidant enzyme levels could be involved in the enhancement of
protection against free radical-mediated damage. Therefore, the
observed increase of SOD activity in the brains of littermates may
contribute to the decrease in MDA level because SOD decomposes the
superoxide anion radical, which is ultimately converted to the highly
d liver from pups. Cryosections were stained with a donkey anti-human catalase primary
ing (dark brown) was present in the absorptive cells and central lacteals of pups milked
bral cortex from pups of transgenic females (D) but not in controls (C); in liver sections, a
c females (F) but not in controls (E). In figures E and F, the scale bar shown is 100 μm; in



Table 1
Pedigrees of females for milking littermates

F0 hCAT(μg/ml) F1 hCAT(μg/ml) F2 hCAT(μg/ml) offspring number

47♀ 7.82 17♀ 9.52 10
27♀ 89.04

49♀ 96.08 14♀ 57.88 10
42♀ 24.00 112♀ 175.42 1♀ 6.81 10

WT 1 0 10
WT 2 0 10
WT 3 0 10

Founder lines 27 and 42 of pBC-sighCATD transgenic mice were more productive and
this was inherited, though the expression level did not remain stable. Three females
from the F2 generation were selected for milking their offspring from the postnatal
stage to the end of lactation; each bred 10 littermates. Three nontransgenic females
were selected as controls. WT indicates wild type.

Fig. 10. Analysis of lipid peroxidation level, antioxidant enzyme activity, and total
antioxidative capacity in milked offspring. MDA level, total SOD activity, and total
antioxidative capacity were measured as described under Materials and methods.
Results are given as mean±SD for assays of 30 individual tissue homogenates and sera,
each performed in triplicate. Transgenic mice are indicated by solid bars and control
animals by open bars. a The units for the sera samples are nmol/ml for MDA and U/ml for
SOD activity.
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reactive and most damaging hydroxyl radical. The total antioxidative
capacity represents the effect of the whole repertoire of antioxidants:
antioxidant enzymes such as SOD, catalase, and GPX, and small
antioxidant molecules such as the lipophilic radical scavengers
tocopherols, flavonoids, carotenoids, and ubiquinol [2]. These anti-
oxidants interact with each other through different pathways and are
coordinately regulated. The enhancement of T-AOC in the three tissues
assayed was probably correlated with the intake of catalase from the
transgenic milk by the littermates.

In our previous study, we used the commercial pBC1 vector to
generate transgenic mice expressing a recombinant human mono-
clonal antibody in milk, attaining a concentration as high as 6. 6 mg /
ml [23]. However, in the present study, the highest production of
human catalase in the founder line females examined was no more
than 0.15 mg /ml. Amajor difference between these two studies is that
the immunoglobulin is a naturally secretory protein accounting for 2%
of the total protein in milk, whereas only a small amount of catalase is
present in milk; moreover, no secretory signal has been identified
within the protein, though a peroxisome targeting signal is found at
the carboxyl terminus. The specific stereo-conformation and surface
charge distribution of catalase may be different from those of most
secretory proteins. That could retard its passage through the ER and
Golgi-dependent secretory pathway when it is modified with a
classical signal peptide, resulting in inefficient secretion of the
recombinant protein into the milk. To circumvent the disadvantages
of ER/Golgi-dependent secretion, a short nonclassical secretion
peptide (delivering the protein directly to the outer surface of the
cell without passage through the ER lumen and Golgi) can be used to
improve the efficiency of secretion. Elsewhere, we have found that a
nonclassical secretory sequence derived from a mouse homeoprotein
gave a 2.3-fold increase in the secretory efficiency of human catalase
over the bovine signal peptide (manuscript in press). In this study we
constructed the expression vector using human catalase cDNA.
However, many studies have shown higher levels of gene expression
using genomic DNA-based constructs than cDNA-based constructs,
probably because there are regulatory sequences within the introns
[19]. Thus, the inclusion of human catalase introns is a feasible option
for increasing the expression level. For optimal expression of
recombinant proteins, codon usage should be considered. Codon
preference exists not only in different species but also among different
tissues in humans. Codon-mediated translational control may be
important in regulating tissue-specific gene expression because of the
relative abundances of isoaccepting tRNAs [31,32]. The different
amounts of catalase in different tissues are likely to be correlated
with tissue-specific codon usage. In this way, modifying the human
catalase codons to the mammary gland-specific usage pattern should
increase translational efficiency. Human catalase production varies
among individuals, suggesting that the two tandem copies of
insulators on the pBC1 vector were insufficient to eliminate position
effects caused by the integration of transgenes into specific sites in
the mouse genome. Thus, more efficient insulators should be
considered in future studies in order to achieve stable expression of
recombinant proteins. Many factors need to be considered to optimize
production.

Reactive oxygen species in biological systems attackmolecules and
cause the functional decline of organ systems, eventually leading to
death. Accumulation of damage is thought to result in pathologies
associated with aging, including cancer, allergies, arteriosclerosis,
neoplasia, cataracts, and degenerative neuronal diseases [3,33]. The
addition of extracellular catalase can alleviate damage caused by ROS.
In addition, recombinant human catalase has potential use in rescuing
infantile Refsum disease, which is caused by deficiencies of perox-
isomal alkyldihydroxyacetone phosphate synthase and beta-oxidation
enzymes, or in therapy for acatalasemia [34,35]. Thus, the increasing
therapeutic demand for human catalase could be met by high-level
production of the recombinant protein using genetic engineering.
Transgenic animals can produce biologically active recombinant
proteins at high levels when the mammary gland is used as a
bioreactor. The mammary epithelial cells perform all requisite
posttranslational modifications including glycosylation and phos-
phorylation. Typically, a mammary gland can synthesize and secrete
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approximately 2 g milk per gram tissue per day. The mammary gland
is a natural bioreactor with a cell density up to 100- to 1000-fold
greater than most cell culture systems [19,22]. Thus, a scale-up to
transgenic farm animals would yield sufficient recombinant human
catalase for therapeutic purposes.

In conclusion, we have successfully expressed biologically active
human catalase in the milk of transgenic mice. The transgenic milk
provided the offspring with partial protection against oxidative stress
in early postnatal life. Our work suggests that scaled-up production in
transgenic dairy animals may provide enough catalase for therapeutic
use and improve infant formulae.
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