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Thyroglobulin (Tg), the precursor of the thyroid hormones of intact Tg from its storage compartment into the circula-
tion.4-6 The presence of Tg in the circulation is clinically oftriiodothyronine (T3) and thyroxine (T4), is known to derive

from thyroid epithelial cells. Part of Tg reaches the circulation diagnostic relevance,7 but its biological role in the circulation
is largely unknown.as an intact molecule by transcytosis across the epithelial wall

of thyroid follicles. Circulating Tg is a potential ligand for the Tg is a dimeric glycoprotein with a molecular mass of
660 kd and a carbohydrate content of Ç10%.8 The N-linkedasialoglycoprotein receptor of hepatocytes. In this report we

show, however, that clearance of circulating Tg occurred ex- glycans of Tg are composed of tri- and tetraantennary carbo-
hydrate structures with galactose in a-1,3 or sialic acid inclusively by endocytosis in liver macrophages, whereas hepa-

tocytes did not participate in this process. The biological sig- a-2,6 linkages in terminal position.9 Thus, circulating Tg is
in principle a highly susceptible substrate of neuraminidasenificance of this Tg uptake by the macrophages might consist

in an increase of thyroid hormones in close proximity to the and is expected to serve as a ligand for the classical hepatic
clearance system, i.e., the asialoglycoprotein or galactose re-macrophages, thereby affecting the hepatocyte metabolism.

To test this hypothesis, co-cultures of hepatocytes and macro- ceptor on hepatocytes.10-12 Indeed, asialo-Tg is cleared more
rapidly from the circulation of rats (half-life of 6-40 minutes)phages were incubated with Tg, which resulted in the release

of thyroid hormones and in a significant increase in the activ- than its sialylated counterpart (half-life of 5.1 to 15 hours).13-17

The different half-lives of Tg and its asialo form are mostity of lipogenesis and of hepatocellular key enzymes of the
hexose monophosphate shunt. This effect of Tg could be mim- probably explained by differing rates of uptake, which might

result from various receptor systems involved in the clear-icked by equivalent amounts of T3 or T4 exclusively in the
co-cultures. When hepatocytes were incubated with thyroid ance of glycoproteins from the blood. Irrespective of its gly-

cosylation status, circulating Tg accumulates within the liver,hormones in the absence of macrophages, no or only little
effect was observed, indicating that the interaction of macro- where it is degraded.17-20

We have shown previously that J774 macrophages degradephages and hepatocytes was a prerequisite for the stimulation
of the hepatocellular metabolism. We conclude that the para- Tg, resulting in the liberation of thyroid hormones which

are released into the extracellular medium.21 These resultscrine effect on HepG2 cells results from the degradation of
Tg in J774 cells. Apparently, this process is not confined to suggested that macrophages in the liver may be able to raise

the local concentrations of thyroid hormones. In this study,the release of thyroid hormones, but it requires the interaction
of both cell types, possibly mediated by an additional, as yet the fate of Tg in the circulation was investigated with the

goal of determining its target cells in the liver. Clearance ofunknown stimulus. (HEPATOLOGY 1997;26:1232-1240.)
Tg from the circulation occurred by endocytosis in Kupffer
cells, whereas hepatocytes did not participate in this process.Thyroglobulin (Tg) is the major glycoprotein synthesized
They might, however, be affected in that locally increasedby epithelial cells of the thyroid. Tg is usually stored in
thyroid hormone concentrations induce specific metabolicthyroid follicle lumena but is not restricted to the thyroid
pathways in hepatocytes located next to macrophages. Thisgland because it is also found in the circulation.1-3 Transepi-
assumption was investigated using co-cultures consisting ofthelial vesicular transport (transcytosis) mediates the passage
mouse J774 macrophages and HepG2 cells, a human differen-
tiated hepatocellular line. The incubation of these co-cultures
with Tg and the subsequent release of thyroid hormones by
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chloride [DTAF] per mL dimethyl sulfoxide) for 4 hours at room
temperature and overnight at 47C. Free fluorochrome was removed
by desalting (see earlier in article).

Fluorochromed Tg or fetuin was incubated with neuraminidase
from Arthrobacter ureafaciens (Boehringer, Mannheim, Germany)
at a concentration of 250 mU per mg protein in 100 mmol/L sodium
acetate buffer (pH 5.0) for 18 to 24 hours at 377C. For fully glycosyl-
ated controls, the fluorochromed proteins were incubated under
identical conditions but without sialidase. Complete removal of
sialic acids was checked by sodium dodecyl sulfate polyacrylamide
gels and lectin blotting (see later).

Protein Extracts From Liver or Thyroid Tissues. Tissue fragments of
thyroid glands or livers from perfused rats or mice were suspended
in phosphate buffer (pH 7.4) supplemented with 20 mmol/L ethyl-
enediaminetetraacetic acid, 1 mmol/L PMSF, 10 mmol/L pepstatin A,
and 0.175 mg/mL aprotinin, and homogenized on ice. Homogenates
were cleared by centrifugation (twice for 10 minutes at 15,000g)
and boiled in sample buffer.

Sodium Dodecyl Sulfate Polyacrylamide Gels, Lectin, and Immunoblotting.
Samples were analyzed with 5-18% gradient sodium dodecyl sulfate
polyacrylamide gels.23 After electrophoresis, the gels were either
fixed and silver-stained24 or transferred to nitrocellulose
(Schleicher & Schüll, Dassel, Germany) by western blotting25 using
a semidry blotting chamber (BioRad). For the detection of sialic
acid, blots were reacted with biotinylated Sambucus nigra agglutinin
(SNA; Boehringer, Mannheim, Germany), and streptavidin was cou-
pled to horseradish peroxidase. For the detection of Tg, rabbit anti-

FIG. 1. Specificity of anti-Tg antibodies. Immunoblots of sodium dode-
cyl sulfate gels from purified rat Tg (lane 1), extracts of mouse thyroids
(lane 2), or extracts of mouse (lane 3), and rat livers (lane 4) after incubation
with anti-rat Tg antibodies and horseradish peroxidase—goat anti-rabbit
immunoglobulin G. The antibodies against rat Tg recognized intact (lane
1) and degraded Tg (lane 2) from rats or mice, demonstrating the broad
spectrum of species recognition required in this study. Hepatic proteins
were not recognized by the antibodies against Tg (lanes 3 and 4), indicating
their specificity and showing that normal liver tissue did not contain suffi-
cient quantities of Tg to be detectable by immunoblot. Amounts of protein
were loaded as follows: lane 1: 0.2 mg; lane 2: 0.25 mg; lanes 3 and 4: 5 mg,
each. A typical example out of three independent experiments is shown.

For isolation of Tg, the tissue fragments were homogenized
(Polytron, Kinematica GmbH, Kriens, Switzerland) in phosphate-
buffered saline supplemented with protease inhibitors (1 mmol/L
N-a-p-tosyl-L-arginine methyl ester, 0.5 mmol/L PMSF, 1 mg/mL
antipain, 1 mg/mL pepstatin, 4 mg/mL aprotinin). After centrifuga-
tion (30 minutes, 22,000g; Beckman Instr., Palo Alto, CA), the
supernatant was subjected to fractionated ammonium sulfate pre-
cipitation (35% for 2 hours and 45% overnight). The Tg-fraction
(45%) was dialysed against 50 mmol/L TRIS-Cl (pH 7.4) and further
purified by anion-exchange chromatography using a MonoQ HR 5/
5 column in a fast protein liquid chromatography device (Pharmacia
LKB Biotechnol., Uppsala, Sweden). Following elution with a linear
NaCl gradient, the Tg-fractions (0.4-0.8 mol/L NaCl) were pooled
and desalted (Econo Pacy 10DG, BioRad, Richmond, CA).

Purified Tg was used to raise polyclonal antibodies in rabbits
according to standard protocols.22 Titers were 1:16 using 900 mg/
mL Tg as an antigen in Ouchterlony analysis. Dilution (1:200) of the
serum caused recognition of 1 ng of Tg in dot blots. Immunoblotting
experiments demonstrated that intact monomeric or dimeric Tg and
degradation fragments of Tg were recognized by anti-Tg antibod-
ies.21

Fluorochromation and Desialylation of Tg and Fetuin. Purified Tg or
FIG. 2. Internalization of endogenous circulating Tg within cells of the

the serum glycoprotein fetuin (Grand Island Biological Company, liver. (A) Phase contrast and (B) corresponding fluorescence micrograph
New York, NY) (5-10 mg in 450 mL phosphate-buffered saline) of a cryosection from a rat liver after immunolabeling of Tg. Circulating
were incubated with 550 mL borate buffer (50 mmol/L, pH 9.0) and endogenous Tg accumulated within vesicles of sinus lining cells (arrow-
100 mL fluorochrome solution (5 mg of fluorescein isothiocyanate heads), later identified as Kupffer cells (see also Fig. 4). A typical example

out of three independent experiments is shown. Bar Å 25 mm.[FITC] or 5-[4,6-dichlorotriazin-2-YL]-aminofluorescein hydro-
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FIG. 3. Sinus lining cells of the liver with internalized, injected Tg. Fluorescence and corresponding phase contrast micrograph (inset) of a cryosection
from a mouse liver 12 minutes after injection of FITC-labeled bovine Tg. Injected Tg accumulated within vesicles of sinus lining cells later identified as
Kupffer cells (see Fig. 4), whereas hepatocytes did not show any sign of Tg uptake. HC, hepatocytes; asterisks, Vena centralis. A typical example out of
six independent experiments is shown. Bars Å 100 mm.

rat Tg or rabbit anti-bovine Tg and horseradish peroxidase—cou- ning microscope (TCS4D, Leica, Bensheim, Germany), and micro-
graphs were taken on Kodak TMax film (Eastman Kodak, Rochester,pled goat anti-rabbit immunoglobulin G were used. Blots were

developed by enhanced chemiluminescence or in chloronaphthol NY).
Cell Culture. The murine macrophage-like cell line J774 A.126,27as a substrate, scanned by using a transmitted light scanner device

(Hewlett-Packard), and documented on Ilford Pan F films using a and the human hepatocellular carcinoma cell line HepG228,29 were
obtained from American Type Culture Collection (Rockville, MD)hardcopy device (Fokus Graphics, Oberau, Germany).

Immunolabeling of Liver Cryosections and Injection Experiments. All and grown at 377C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) (Bio-Whittaker, Serva, Heidelberg, Germany)injections were into mice or rats via the Vena cava inferior. Injected

components were dissolved in phosphate-buffered saline, pre- supplemented with 10% heat-inactivated FCS, 100 IU/mL penicillin
G, 0.1 mg/mL streptomycin, and 0.5 mg/mL amphotericin B.warmed to 377C, and injected in a maximum volume of 100 mL

under the following conditions: 1) injection of 1 mg FITC-labeled Co-Culture and Endocytosis of Tg or Fetuin. HepG2 cells were cul-
tured in DMEM/FCS on glass coverslides. Prior to the endocytosisbovine Tg, incubation time 12 minutes; 2) injection of 0.7 mg FITC-

labeled bovine Tg, incubation time 10 minutes, followed by the studies macrophages were added to HepG2 cultures at a ratio of 1
macrophage to 45 hepatoma cells, and co-cultures were kept ininjection of dialysed india ink, incubation time 5 minutes; 3) injec-

tion of 0.7 mg FITC-Tg and India ink, incubation time 30 minutes; DMEM/FCS for 24 hours. After being washed, co-cultures were
incubated with DMEM supplemented with 50 nmol/L fully glycosyl-and 4) control: no injection.

Rats or mice were bled by opening the Aorta descendens. Pre- ated or desialylated DTAF-Tg or DTAF-fetuin for 60 minutes at
377C. Thereafter, cells were fixed with 8% paraformaldehyde in 200warmed phosphate-buffered saline supplemented with heparin and

3% formaldehyde in 200 mmol/L HEPES were perfused via the Vena mmol/L HEPES for 60 minutes, treated for 10 minutes with 13
mmol/L sodium borohydride in 100 mmol/L TRIS-Cl, and washedporta. The livers were dissected and postfixed with 8% formalde-

hyde in 200 mmol/L HEPES, infiltrated with 2.3 mol/L sucrose as with HEPES buffer. To identify macrophages in the co-cultures
the cells were immunolabeled with antibodies against the plasmaa cryoprotectant, and frozen in liquid propane. Sections were pre-

pared with a cryotome (Reichert-Jung, Wien, Austria) at 0507C membrane of J774 cells (#215/3, kindly provided by Dr. K. E. How-
ell, Denver, CO)30 and TRITC-goat anti-rabbit immunoglobulin G.and mounted on microscope slides. Blocking was performed with

human immunoglobulin G (Dianova, Hamburg, Germany) and Cells were mounted on microscope slides and viewed with the
confocal laser scanning microscope using an Argon/Krypton mixed-ovalbumin. Cryosections were immunolabeled with anti-rat or anti-

bovine Tg antibodies and rhodamine- or DTAF-goat anti-rabbit im- gas laser with excitation wavelengths of 488 and 568 nm. Scans at
a resolution of 1024 1 1024 pixels and a pinhole setting of aboutmunoglobulin G (Dianova).

Cryosections were viewed with a conventional fluorescence mi- 50 were taken in the line averaging mode. Micrographs were taken
on Kodak EPY 64 T film using the hardcopy device (see earlier).croscope (C. Zeiss, Oberkochen, Germany) or a confocal laser scan-
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FIG. 4. Kupffer cells were the main target cells for circulating Tg. (A, E, and I) Phase contrast, (B, C, F, G, J, and K) corresponding fluorescence,
and (D, H, and L) corresponding bright field micrographs of cryosections through mouse livers. The micrographs in A to H are from tissue fixed 10
minutes after injection of FITC-labeled bovine Tg and 5 minutes after injection of India ink. Longer periods between injection and fixation, e.g., 30
minutes, resulted in (I to L) the accumulation of FITC-Tg in vesicles presumably resembling lysosomes. (G and K) Cryosections were immunolabeled
with anti-Tg antibodies and DTAF-labeled secondary antibodies. (C) In controls, anti-Tg antibodies were omitted, demonstrating the specificity of the
antibodies against Tg. Fluorescent Tg was internalized by the same cells that accumulated India ink internalized by phagocytosis (compare arrowheads
in B, F, and J with D, H, and L, respectively). The protein nature of the fluorescent label was proven by immunolabeling of the cryosections with anti-
Tg antibodies (compare G with F, and K with J). The observations allow us to conclude that circulating Tg was internalized by Kupffer cells, i.e.,
macrophages of the liver. Typical examples out of six independent experiments are shown. Bars Å 25 mm.

Co-Culture, Hormonal Treatment, and Cell Lysis for Studies of Enzymatic the lysates were determined according to Bradford.33 The pellets
from lysate clearing were used to determine the number of cells byActivities. Petri dishes, each containing 5 1 106 HepG2 cells, were

kept for 17 days in DMEM/FCS. J774 cells were seeded at a density measuring the DNA content.34 The experiment was repeated four
times and all determinations were duplicates.of 3 1 106 cells per dish and kept in the same medium for 3 days.

Thereafter, HepG2 or J774 cells were cultured for 24 hours without Malic Enzyme and G6P-DH Activity Assays. The enzymatic activities
were photometrically determined under substrate saturating condi-FCS in 3 parts DMEM plus 1 part Waymouth 705/1 medium (Gibco/

BRL, Eggenstein, Germany) containing 30 nmol/L sodium selenit tions by the reduction of nicotinamide adenine dinucleotide phos-
phate and measured by the linear increase of the absorption at 340and 8 mg/mL thymidin.31,32 On the day of the experiment, HepG2

monocultures were supplemented with J774 cells at a ratio of 1 nm. The reaction buffer consisted of 55 mmol/L TRIS and 3.3 mmol/
L MgCl2 . Malic enzyme (ME) activities were determined at pH 7.2macrophage per 45 hepatoma cells. Monocultures of HepG2 and

J774 cells or co-cultures were then incubated for 48 hours with and glucose-6-phosphate dehydrogenase (G6P-DH) was measured
at pH 7.8. Standard curves were prepared by using the purifiedserum-free DMEM/Waymouth containing the following: 1) 760

nmol/L Tg; 2) 4.56 mmol/L thyroxine (T4); 3) 6.08 mmol/L triiodo- enzymes (Sigma, Deisenhofen, Germany). The purified enzymes or
the lysates were diluted with 5 mmol/L glycin and 1% albumin (pHthyronine (T3); or 4) no additives. The amounts of thyroid hor-

mones added to the cells corresponded to the amounts that are 8). To 900 mL of reaction buffer 33.3 mL of 6 mmol/L b-nicotin-
amide adenine dinucleotide phosphate, 33.3 mL of 100 mmol/Lmaximally liberated from 760 nmol/L Tg21 to achieve hormone

equivalents for the stimulation experiments. Cells were then lysed substrate, and 33.3 mL of the lysates or purified enzymes were
added. Glucose-6-phosphate or malate were used as substrates. Ly-for 30 minutes in 10 mmol/L TRIS-Cl (pH 8.0) containing 1% Triton

X-100. Cleared supernatants were directly used for the measure- sis buffer (see earlier) or the enzyme dilution buffer were pipetted
and read as blanks. Values for enzyme activities were means fromments of enzymatic activities (see later). Protein concentrations of
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the half-life of normal Tg but clearly above the time period
required for endocytic uptake (15 minutes) and the accumu-
lation of tracer within lysosomes (30 minutes), thus re-
flecting the in vivo situation of endogenous circulating Tg.
The FITC label on injected Tg allowed us to discriminate
between injected and endogenous Tg. Fluorescence micros-
copy of cryosections, detecting the FITC label, showed that
injected Tg accumulated within cells of the liver, the spleen,
and the kidney, whereas brain, heart, lung, or thyroid tissues
were devoid of injected Tg. Most injected FITC-Tg was found
within cells of the liver (Fig. 3), indicating that the liver is
the main target organ for injected FITC-Tg, as was true for
endogenous circulating Tg. In cryosections of the liver, FITC-
Tg was detected within sinus lining cells, whereas hepato-
cytes were not labeled (Fig. 3). To identify Tg internalizing
cells as either endothelial cells or macrophages, i.e., Kupffer
cells, injection of FITC-Tg was followed by the injection of
India ink into the same mouse. FITC-Tg was internalized by
the same cells that accumulated India ink by phagocytosis
(Fig. 4B and D, F and H, J and L, arrowheads). The protein

FIG. 5. Desialylation of fetuin and Tg by neuraminidase. Silver staining nature of the FITC label was proven by immunostaining of
(silver) of sodium dodecyl sulfate gels from (A) fetuin or (B) Tg and corre- the cryosections with anti-Tg antibodies (Fig. 4F, 4G, 4J and
sponding Western blots after incubation with biotinylated SNA and horse-

4K). In controls, where anti-Tg antibodies were omitted, noradish peroxidase–streptavidin (SNA blot). In lanes 1 and 3 (0) the fully
staining was observed (Fig. 4C), demonstrating the specific-glycosylated proteins were loaded and their desialylated forms are shown

in lanes 2 and 4 (/). Neuraminidase treatment of fetuin (A, /) or Tg (B, ity of the antibodies. Hepatocytes were not recognized by
/) resulted in the complete removal of their sialic acids. A typical example anti-Tg antibodies, suggesting that circulating Tg accumu-
out of three independent experiments is shown. lated in nonparenchymal macrophages, but not in hepato-

cytes.
The results indicate that endogenous (Fig. 2) and injected

triplicate determinations and were further corrected for the DNA Tg (Figs. 3 and 4) were cleared from the circulation by the
content, i.e., the number of cells. Values are expressed as percent- same mechanism, i.e., internalization via Kupffer cells of the
ages of untreated controls and all values are given as mean { SD liver. Tg was never detected in hepatocytes.
(Microcal Origin 3.78, Microcal Software Inc., Northampton, MA). A Co-Culture System for the Analysis of Tg Internalization In

Vitro. To analyze the consequences of Tg internalization by
RESULTS

macrophages, a co-culture system was designed consisting
of J774 mouse macrophages and HepG2 human hepatomaRemoval of Tg From the Circulation Occurred Via Internalization

by Kupffer Cells in the Liver. Bovine or rat Tg was isolated from cells. Both cell types were cultured separately (monocultures)
prior to the co-culture as described in the ‘‘Materials andthyroid glands, and antibodies were raised in rabbits. The

antibodies have been characterized previously.21 In immu- Methods’’ section. J774 macrophages were added to cultures
of HepG2 cells, and within the subsequent three days of co-noblotting experiments, anti-Tg antibodies recognized puri-

fied intact mono- or dimeric Tg (Fig. 1, lane 1) as well as culturing, the cell-to-cell ratio reached 1:50 to 1:10. During
the co-culture, the phenotype of both HepG2 and J774 cellsdegradation fragments of the protein in extracts from thyroid

glands (Fig. 1, lane 2). Anti-Tg antibodies showed a broad remained unchanged as compared to the monocultures (not
shown). As indicators for unchanged phenotype, the generalspectrum of species recognition; e.g., rat or mouse Tg was

recognized by antibodies against rat or bovine Tg, as was morphology, the proliferation rates, the ability to differenti-
ate in the culture system, and the ability for cell-to-cell con-expected from the highly conserved nature of the Tg mole-

cule. The anti-Tg antibodies, however, did not cross-react tact formation in the case of HepG2 cells were monitored.
The co-culture was tested for its suitability as a liver modelwith hepatic proteins of mice or rats (Fig. 1, lanes 3 and 4),

demonstrating their specificity for Tg. The antibodies were in vitro by analyzing the ability of hepatocytes or macro-
phages to internalize Tg or fetuin. The serum glycoproteinthen used to investigate the fate of circulating Tg in mice or

rats. Rats were chosen because most previous studies on the fetuin was chosen because it is known that hepatocytes inter-
nalize fetuin in its desialylated form.35 Both glycoproteins,fate of circulating Tg were done using this species. Since J774

macrophages, later used in the course of our experiments, are Tg and fetuin, were used fully glycosylated or after desialyla-
tion and were labeled with DTAF for the endocytosis studies.derived from mice, we have also included mice in the follow-

ing experiments on the fate of circulating Tg. Complete removal of sialic acids by neuraminidase treatment
was proven by sodium dodecyl sulfate polyacrylamide gelsWhen cryosections from liver tissue of mice or rats were

immunolabeled with anti-Tg antibodies, few vesicles within and lectin (SNA) incubation of the western blots (Fig. 5).
Silver staining of the sodium dodecyl sulfate gels revealedsinus lining cells were stained (Fig. 2, arrowheads), indicat-

ing vesicular uptake of endogenous Tg. In subsequent experi- several bands of fully glycosylated fetuin (Fig. 5A, silver 0),
and one prominent broad band was recognized by SNA inments, the level of circulating Tg was increased by injection

of FITC-labeled Tg into the circulation of mice. Different western blots (Fig. 5A, SNA blot 0). Neuraminidase treat-
ment of fetuin resulted in a broad band with higher electro-intervals after injection were used prior to fixation and re-

moval of liver tissue. The periods before fixation were within phoretic mobility visible by silver staining of the gels (Fig.
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5A, silver /), which was not recognized by SNA on western and 1.1, respectively (not shown, P-values were .05 for T3

and P-values were .18 for T4). Because only 1 of 15 cells inblots (Fig. 5A, SNA blot /). The results indicate that sialic
acids were quantitatively removed from fetuin by the neur- the co-cultures were J774 cells, the effect on G6P-DH activi-

ties resulting from the incubation of the co-cultures with Tgaminidase treatment. Similarly, Tg was quantitatively desialy-
lated by neuraminidase treatment (Fig. 5B). or thyroid hormones was due, in the majority of cases, to

the HepG2 cells in the co-cultures.Co-cultures were incubated with the DTAF-labeled fully
glycosylated or asialo-forms of fetuin or Tg at 377C and ana-

DISCUSSIONlyzed by confocal fluorescence microscopy after fixation. To
identify the macrophages in the co-cultures, they were la- Tg Clearance Occurs Within the Liver by Endocytosis in Macro-

phages. Similar to several other glycoproteins, circulating asi-beled with antibodies recognizing the plasma membrane of
J774 cells. In Fig. 6, endocytosis of DTAF-asialo-fetuin (A alo-Tg has a half-life of 6 to 40 minutes, and it has been

suggested that it be removed from the circulation by theand B), DTAF-Tg (C and D), or DTAF-asialo-Tg (E and F)
is shown in green and plasma membrane labeling of the asialoglycoprotein receptor of hepatocytes.14,18 However, di-

rect evidence for the internalization of asialo-Tg by hepato-macrophages is visualized in red. When co-cultures of HepG2
and J774 cells were incubated with DTAF-labeled asialo-fet- cytes was lacking, and, moreover, no information existed on

the cells involved in the clearance of fully glycosylated Tg.uin, the protein was exclusively internalized by HepG2 cells
(Fig. 6A and 6B, green signals). The fully glycosylated DTAF- Here, we have shown that Tg was removed from the circula-

tion via internalization by Kupffer cells. Similarly, in the co-fetuin was not internalized by either cell type (not shown).
In contrast, DTAF-Tg was exclusively internalized by J774 culture system consisting of hepatocytes and macrophages,

Tg was recognized exclusively by the macrophages. In con-macrophages (Fig. 6C and 6D, green signals), as was DTAF-
labeled asialo-Tg (Fig. 6E and 6F, green signals, and yellow trast, asialo-fetuin was internalized by the hepatocytes in the

co-cultures, which is consistent with the finding of othersignals as a result of green signals from single sections of Tg
containing vesicles overlapping with red signals from ex- researchers that the serum glycoprotein fetuin in situ was

generally taken up by hepatocytes when desialylated.35 Be-tended foci of plasma membrane labeling). Thus, the observa-
tion that circulating Tg was internalized only by Kupffer cells cause Tg was never found to be taken up by hepatocytes,

neither in situ nor in the co-cultures, we concluded that Tg,of the liver (Figs. 2-4) and that Tg in the co-cultures was
exclusively internalized by J774 macrophages (Fig. 6C-6F) regardless of its glycosylation status, does not serve as a

ligand for the asialoglycoprotein receptor of hepatocytes.demonstrates the suitability of the co-culture to serve as an
in vitro model analogous to the liver in vivo. Besides the asialoglycoprotein receptor, several other lec-

tins with a similar specificity and efficiency were detectedParacrine Interactions of Macrophages and Hepatocytes Were Ini-
tiated by Thyroid Hormones. The co-culture system was used not only on hepatocytes but also on sinus-lining cells of the

liver.10,36 Asialo-transferrin was shown to be a ligand for theto test the hypothesis of a thyroid hormone—dependent
interaction of macrophages and hepatocytes. As possible can- galactose receptor (asialoglycoprotein receptor) of hepato-

cytes and for the mannose receptor of endothelial and Kupf-didates for thyroid hormone—induced hepatocellular en-
zymes, the activities of ME or G6P-DH were measured in fer cells.35 Thus, clearance of a given glycoprotein might be

accomplished by more than one receptor, and all liver celllysates from HepG2 or J774 monocultures or from the co-
cultures after incubation with Tg or equivalent amounts of types might contribute to the removal of a given glycoprotein

from the blood. The removal of circulating Tg, however,the thyroid hormones T3 or T4.
When monocultures of HepG2 cells were incubated for 2 occurred solely by endocytosis in Kupffer cells, as shown by

our in vivo experiments.days with Tg or equivalent amounts of T3, no significant
changes in ME activities were detected as compared to con- Macrophage-Induced Stimulation of Hepatocellular Metabolic Key

Enzymes. The degradation of circulating Tg in the liver hastrols (Fig. 7A, co, T3, Tg, P-values were 0.730 for T3 and
0.888 for Tg). Incubation of HepG2 monocultures with T4 been shown to result in increased thyroid hormone levels

and in the stimulation of the hepatocellular metabolism. Inresulted in a 1.3-fold increase in the activity of ME (Fig. 7A,
T4, P Å .012). In monocultures of J774 cells, no alterations particular, enhanced oxygen consumption and glucose-3-

phosphate dehydrogenase activities have been observed.18,19in ME activities were observed in response to the incubation
with Tg or thyroid hormones (not shown, P Å .781 for T3, Our observations provide the cellular basis for these meta-

bolic effects because macrophages turned out to be the target.929 for T4, and .781 for Tg). However, co-cultures of HepG2
and J774 cells treated with the prohormone Tg or the thyroid cells for circulating Tg. Because macrophages have been

shown to liberate thyroid hormones by proteolysis of Tg,21hormones T3 and T4 showed a significant (1.5 to 1.7-fold)
increase in the activity of ME as compared to controls (Fig. the suggested hormone-dependent effects on the hepatocellu-

lar metabolism were tested in a co-culture system consisting7B, P Å .015 for T3, .006 for T4, and .001 for Tg). Similarly,
the activities of G6P-DH were increased by a factor of 1.5 to of J774 mouse macrophages and human HepG2 hepatoma

cells.1.6 when co-cultures were incubated with either Tg or the
thyroid hormones T3 or T4 (Fig. 7D, P-values were .0001 for J774 cells in many respects resemble tissue macro-

phages,26,27 including the ability to internalize Tg and toT3, P-values were .00008 for T4, and P-values were .011 for
Tg). In identically treated monocultures of HepG2 cells no export the liberated thyroid hormones into the culture me-

dium.21 HepG2 cells were chosen because of their highlysuch alterations in G6P-DH activities were detected (Fig. 7C,
P-values were .779 for T3, P-values were .608 for T4, and P- differentiated epithelial phenotype.28,29 Moreover, HepG2

cells, like liver parenchymal cells in situ, internalize asialogly-values were .169 for Tg). In J774 monocultures the incuba-
tion with Tg led to a reduction to 0.89 of the control G6P-DH coproteins.35,37,38 Differentiated HepG2 cells secrete 17 of the

main plasma proteins, including albumin,39 which has theactivities (not shown, P-value was .057), whereas incubation
with T3 or T4 increased G6P-DH activities by a factor of 1.2 ability to bind thyroid hormones. In serum-free culture con-
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FIG. 6. In vitro co-culture: inter-
nalization of asialo-fetuin by hepa-
tocytes and endocytosis of Tg by
macrophages. Phase contrast (black
and white in A, C, and E) and confo-
cal fluorescence micrographs of co-
cultures from HepG2 and J774 cells
after endocytosis of 50 nmol/L
DTAF-labeled asialo-fetuin (A and
B, green), fully glycosylated Tg (C
and D, green), or asialo-Tg (E and
F, green). Cells were formaldehyde
fixed and J774 macrophages were
immunolabeled with antibodies
against their plasma membranes
(red). In the co-cultures, asialo-fet-
uin was exclusively internalized by
(A and B) HepG2 cells and Tg was
exclusively taken up by (C-F) J774
macrophages. Note that yellow sig-
nals in (F) are derived from the
overlapping of asialo-Tg-containing
vesicles (single confocal section,
green) with the plasma membrane
staining (extended focus of several
confocal sections, red). The results
indicated that in the in vitro co-cul-
tures, macrophages were the target
cells for Tg, as were Kupffer cells in
the liver in vivo. Typical examples
out of four independent experi-
ments are shown. Bars Å 50 mm.

ditions albumin can serve as a transporter molecule for thy- T3 into rats.41-44 In the study of our co-culture system, the
main finding was that the selective uptake of Tg by J774roid hormones released from the macrophages and thus can

enable thyroid hormones to reach the neighboring hepato- macrophages resulted in a significant increase in the activity
of both hepatocellular enzymes. To show the contributioncytes. Finally, HepG2 cells express nuclear T3 receptors.40

To monitor thyroid hormone–dependent changes in the of T3 and T4 in this process, we tested both hormones by
their addition to the co-culture system. As expected, thehepatocellular metabolism, we have chosen ME and G6P-DH,

because the activities of both enzymes rise upon injection of activities of ME and G6P-DH were increased upon incubation
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mone–dependent hepatocellular activation requires an addi-
tional stimulus derived from the macrophages. The nature
of this stimulus is as yet unknown.
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