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Effects of dexamethasone on hepatic macrophages in normal livers
and thioacetamide-induced acute liver lesions in rats
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Abstract: Resident and infiltrative macrophages play important roles in the development of pathological lesions. M1/M2 macrophage
polarization with respective CD68 and CD163 expression remains unclear in chemically induced liver injury. This study was aimed at
investigating the influence of macrophages on normal and chemically induced liver injury. For this, dexamethasone (DX), an immuno-
suppressive drug, was administered in normal rats and thioacetamide (TA A)-treated rats. Liver samples were collected and analyzed
with immunohistochemical methods. Repeated injections of DX (0.5 or 1.0 mg/kg BW) for 3, 7 and 11 days reduced the number of
CD163 positive hepatic resident macrophages (Kupffer cells) in normal livers, while increasing AST and ALT levels. In TAA (300 mg/
kg BW)-treated rats injected with DX (0.5 mg/kg BW) pretreatment, the number of M1 and M2 macrophages showed a significant de-
crease compared with that of TA A-treated rats without DX treatment. Additionally, reparative fibrosis resulting from hepatocyte injury
induced by TAA injection was suppressed by DX pretreatment. Our data suggested that macrophages could influence not only normal
hepatic homeostasis (reflected by AST and ALT levels) but also chemically induced hepatic lesion development (reduced reparative
fibrosis). (DOI: 10.1293/t0x.2020-0016; J Toxicol Pathol 2020; 33: 237-246)

Key words: dexamethasone, M1 macrophage, M2 macrophage, thioacetamide

Introduction

Generally, macrophages including blood monocyte-
derived macrophages, tissue resident macrophages (histio-
cytes/Kupffer cells) and antigen-presenting macrophages
(dendritic cells) play important roles in tissue homeostasis
and pathological lesion development. We previously showed
that administration with empty liposome, which can be in-
gested by macrophages, activates Kupffer cells in rats; inter-
estingly, the treated rats showed decreased values of serum
hepatic deviation enzymes, although there were no observ-
able changes in histological structures!. Kupffer cells may
be responsible for liver homeostasis. In pathological set-
tings, macrophages expressing CD68, regarded as M1 type
macrophages, have functions for enhancing tissue injury/in-
flammation by releasing inflammatory cytokines and for in-
creasing phagocytic activity of necrotic cell debrides2-4. In
contrast, M2 macrophages expressing CD163, which is one
of the scavenger receptors, show anti-inflammatory actions
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and participate in reparative fibrosis by producing fibrogen-
ic factors3 5. After tissue injury, M1 macrophages appear
in the early stages, and thereafter, M2 macrophages act as
healing cells in the late stages; this phenomenon is regarded
as M1/M2 macrophage polarization in the pathological pro-
cess. Interestingly, after depletion of M1/M2 macrophages
by pre-treatment with clodronate liposomes, thioacetamide
(TA A)-induced liver lesions were aggravated, showing pro-
longed coagulation necrosis in the early stages and dystro-
phic calcification in the late stages. The aggravated lesions
might have resulted from decreased functions of phagocytic
clearance of necrotic cells by M1 macrophages and from re-
parative fibrogenesis by M2 macrophages3.

Dexamethasone (DX), a synthetic steroid, has been
used as an anti-inflammatory drug in collagen diseases, in-
terstitial pneumonia, and viral hepatitis. Anti-fibrotic effects
of DX are also well-known®-8. To find out the influence of
hepatic macrophages, we investigated the effects of DX on
liver homeostasis in normal livers and TAA-induced liver
lesions in rats, focusing on macrophage appearance of M1/
M2 types.

Materials and Methods

Animal experiments

Animals were housed in an animal room at a controlled
temperature of 21 + 3°C with a 12-h light-dark cycle; they
were provided a standard diet (MF; Oriental Yeast Co., Ltd.,
Osaka, Japan) and tap water ad libitum. The animal experi-
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ments were conducted under the institutional guidelines ap-
proved by the Ethical Committee for Animal Care at Osaka
Prefecture University.

DX treatment to normal rats (Experiment 1)

Six week-old male F344/DuCrj rats (Charles River Ja-
pan, Yokohama, Japan) were injected intraperitoneally with
DX (dissolved dexamethasone A, Zenoaq, Fukushima, Ja-
pan) at doses of 0.5 and 1.0 mg/kg body weight every day
until 3, 7 and 11 days (n=4 at each point in each dose); some
rats were subjected to a 4-day withdrawal after an 11-day
treatment with DX. Control rats (n=4) were injected with
an equal volume of saline. All rats were euthanized by deep
isoflurane anesthesia, and blood (from the abdominal artery)
and liver samples were collected. Serum aspartate transam-
inase (AST) and alanine transaminase (ALT) values were
measured by Hitachi automatic analysis machine (Hitachi
7070, Hitachi High-Technologies, Tokyo, Japan).

TAA-induced rat liver injury (Experiment 2)

Six week-old male F344/DuCrj rats were divided into
the following 3 groups: I) continuous DX pre-treatment for
3 days (0.5 mg/kg body weight, every day, intraperitone-
ally) followed by TAA injection (300 mg/kg body weight,
once, intraperitoneally) on day 3 after the initial injection
of DX (DX+TAA group), II) saline injection instead of DX
treatment followed by TAA injection in the same manner
(TAA group), and IIT) saline injection without TAA injec-
tion (control group). All rats were euthanized by deep iso-
flurane anesthesia, and blood (from the abdominal artery)
and liver samples were collected. Samples were collected
on days 1, 3, 5 and 7 after TAA injection (n=4 at each point
in each group). AST and ALT values were measured by the
same method as mentioned above.

Histopathology and immunohistochemistry

The liver samples were fixed in 10% neutral buffered
formalin or Zamboni solution (0.21% picric acid, 2% para-
formaldehyde, 130 mM phosphate buffer; pH 7.4), routinely
processed and embedded in paraffin. Deparaffinized sec-
tions, cut 3 um thick, were stained with hematoxylin and
eosin (HE) for histopathologic examination.

Formalin-fixed sections were used for immunohis-
tochemistry for CD68 (clone EDI; 1:750; Merk Millipore,
MA, USA) and MIF (macrophage migration inhibitory fac-
tor; 1:500; gifted from Dr. Shin Sato, Aomori University of
Health and Welfare). Zamboni-fixed sections were used for
immunohistochemistry for CD163 (clone ED2; 1:200; Sero-
tec, Kidlington, UK). For antigen retrieval, CD68 and MIF
were each microwaved for 5 min in 0.01 M citrate buffer (pH
6.0), and CD163 was treated with 0.1% trypsin treatment for
15 min at room temperature. The sections were incubated
with each primary antibody for 1 h at room temperature,
followed by 1-hour incubation with peroxidase-conjugated
secondary antibody (Histofine Simple Stain MAX- PO;
Nichirei, Tokyo, Japan). Positive reactions were detected
with 3, 3’-diaminobenzidine (Nichirei). Sections were coun-

terstained lightly with hematoxylin.

The number of positive cells around the central vein of
the hepatic lobule were counted in five different areas from
four different rats using a WinRoof software (Mitani Corp.,
Fukui, Japan). Data are expressed as the number of positive
cells per unit area (cells/mm?2).

Evaluation of fibrosis

Fibrosis was evaluated with azan-Mallory-stained
sections. The area of fibrosis around the central vein was
measured in five different areas using a WinRoof software
(Mitani Corp., Fukui, Japan). Data are expressed as the per-
centage of fibrosis area per unit area (0.01 mm?2).

Reverse transcription polymerase chain reaction (RT-
PCR)

The liver samples were lysed in Trizol Reagent™ (In-
vitrogen Corp., Carlsbad, CA, USA) and total RNA was
extracted according to the manufacturer’s instruction.
Reverse-transcription was performed with 2 pg of total
RNA using Super Script Preamplification System™ (In-
vitrogen). PCR was performed with Taq DNA polymerase
(Takara Shuzo Co. Ltd., Kyoto, Japan). The primers of
TNF-o were designed as follows: sense (5-TGTCTACT-
GAACTTCGGGGTG-3’) and antisense (5-GAGGCT-
GACTTTCTCCTGGTA-3’). First, samples were incubated
in 95°C for 2 min for pre-denature, followed by 40 cycles of
denature (95°C for 30 min), annealing (60°C for 30 min) and
extension (72°C for 60 s per 1 kbp). PCR products were elec-
trophoresed, and the bands were measured with NIH Image
1.61 (Bethesta, MD, USA).

Statistics

Data are represented as mean + standard error (SE).
Statistical analyses were performed using Dunnett’s test or
Tukey-Kramer’s test. Significance was accepted at P< 0.05.

Results

Experiment 1

DX treatment results in increased hepatic deviation
enzymes without affecting histological structures: The
rats treated with DX at doses of 0.5 and 1.0 mg/kg showed
decreased body weights through all experimental periods
(approximately 38% in both doses to controls on day 11).
No histopathological abnormalities were seen in the livers
(Fig. 1A) of control rats or DX-treated rats at both doses
(Fig. 1B-D). As compared with the control, the values of
AST and ALT significantly increased on day 11 at 0.5 mg/
kg DX and on days 7 and 11 at 1.0 mg/kg; after a 4-day
withdrawal period, these levels recovered close to control
levels (Fig. 1E).

The number of macrophages significantly decreases
with DX treatment: In the control livers, CD68-positive
macrophages were very small in number (less than 1 per
mm?); therefore, statistically significant evaluation could
not be done in rats treated with 0.5 and 1.0 mg/kg DX (data
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Fig. 1. Histopathology of control liver and dexamethasone (DX)-treated livers at 0.5 and 1.0 mg/kg body weight. (A) Livers of control and (B, C)
continuous treatments of 0.5 or 1.0 mg/kg DX do not show any histopathological changes. (D) Four-day withdrawal after 11-day continu-
ous DX treatment does not cause histopathological changes in the liver. (E) The level of alanine transaminase (ALT) gradually increases
in rats after 3, 7 and 11-day DX treatment, compared with control. Four-day withdrawal after 11-day DX treatment results in recovery
of these levels close to controls. Liver samples were stained with hematoxylin and eosin. CV, central vein; bar = 100 um; *, P<0.05, vs.
control; Dunnett’s test.

not shown). Hepatic expression of TNF-a mRNA was not detected
In the control livers, CD163-positive macrophages were  either in the control or the 11-day DX-treated livers; inter-

seen along the sinusoids (Fig. 2A), indicating Kupffer cells®.  estingly, increased TNF-a expression was seen after the

The number of CD163-positive macrophages significantly  4-day withdrawal (Fig. 3).

decreased on days 3, 7 (Fig. 2B) and 11 at 0.5 and 1.0 mg/kg;

it tended to recover partly after the 4-day withdrawal period

following the 11-day treatment (Fig. 2C).
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Fig. 2. Immunohistochemical analysis for CD163 as a marker of M2 macrophage. (A) CD163-positive cells (arrowheads) are seen along the sinu-
soids in controls, indicative of liver resident macrophages (Kupffer cells). (B) CD163-positive cells (arrowheads) are obviously decreased
after DX treatment. (C) The number of CD163-positive macrophages significantly decreases in rats after 3, 7 and 11-day DX treatment.
The number tends to recover after 4-day withdrawal of DX treatment. CV, central vein; bar = 50 um. P<0.05;*, vs. control; Dunnett’s test.
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Fig. 3. Polymerase chain reaction for TNF-a mRNA using livers of
control, 11-day DX of 0.5 mg/kg, and 4-day withdrawal af-
ter 0.5 mg/kg DX, as well as positive control of TA A-injected
rat. TNF-a expression is not seen in control and 11-day DX
treatment; however, it appears during 4-day withdrawal after
continuous injection of 0.5 mg/kg DX.

Experiment 2

Histopathology of TA A-induced rat liver injury under
DX influence: A dose of 0.5 mg/kg DX was used in this ex-
periment, because the suppression of CD163-positive mac-
rophages was similar between doses of 0.5 and 1.0 mg/kg.

Histologically, in TA A group, coagulation necrosis was
observed in the affected centrilobular areas on days 1 and 3;
on day 3, inflammatory cells, including mainly mononucle-
ar cells, were seen in the affected areas (Fig. 4A and B).
Such hepatic lesions almost recovered on days 5 and 7 with
reparative fibrosis (Fig. 4C and D), although degenerative
hepatocytes were still seen in the affected area on day 5
(Fig. 4C). In DX + TAA group, coagulation necrosis was
seen in the affected centrilobular area on day 1 (Fig. 4E), as
seen on day 1 in TAA group; interestingly, inflammatory
cells were rarely seen on day 3 (Fig. 4F), and there were no
histopathological lesions on days 5 or 7 (Fig. 4G and H).

Compared with controls, the values of AST and ALT
on day 1 in both TAA and DX + TAA groups were signifi-
cantly increased. These values returned to control levels on
day 3 onwards, indicating acute hepatic injury and subse-
quent recovery by TAA treatment (Fig. 4] and K). There
were, however, no significant changes between the TAA and
DX + TAA groups.

Reparative fibrosis is attenuated by DX treatment: Col-
lagen deposition in the normal liver was very slight (Fig. 5A).
In TAA group, the collagen deposition, stained blue with the
azan-Mallory method, increased in the affected centrilobu-
lar areas on days 3, 5 (Fig. 5B) and 7, indicating reparative
fibrosis after the tissue injury. In DX + TAA group, collagen
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deposition was similar to that in control (Fig. 5C). Thus, the
collagen deposition in TAA group on days 3, 5, and 7 was
much greater than that in the control and DX + TAA group
(Fig. 5D). Additionally, in TAA group, degenerative hepato-
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with the level being the greatest on days 1 and 3, indicat-
ing inflammatory response after the tissue injury by TAA
injection (Fig. 6A, B and E). In DX + TAA group, the num-
ber of CD68-positive cells increased significantly on day 1
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Fig. 4. Histopathology of thioacetamide-treated livers (TAA; 300 mg/kg BW) and DX pre-treated (3-day continuous DX treatment) livers fol-
lowed by TAA injection: (A-D) saline injection instead of DX treatment, followed by TAA injection in liver samples (TAA group) and
(E-H) DX pre-treated TA A-injected liver samples (DX + TA A group). In TAA group, (A) coagulation necrosis is seen in the centrilobular
area on day 1; (B) inflammatory cells, including macrophages, are seen in the centrilobular area on day 3 (inset: high magnification);
(C, D) the lesion is almost recovered on days 5 and 7, although degenerative hepatocytes are still seen on day 5. In DX + TAA group, (E)
coagulation necrosis is also seen on day 1; (F) inflammatory macrophages are rarely seen in the centrilobular area on day 3; (G, H) the
lesion is recovered on days 5 and 7. (J, K) The levels of hepatic deviation enzymes, such as aspartate transaminase (AST) and alanine
transaminase (ALT), increase on day 1 in both TAA and DX + TAA groups; these levels begin to decrease from day 3. Liver samples
were stained with hematoxylin and eosin. CV, central vein; bar = 100 um. P<0.05; *, vs. control; Dunnett’s test.

cytes were still observed on day 5 (Fig. 4C) with reparative
fibrosis, whereas such degenerative changes were not seen
in hepatocytes in DX + TAA grope on day 5 (Fig. 4G).
Macrophage infiltration in TAA-induced liver lesion
is suppressed by DX treatment: In TAA group, the num-
ber of CD68-positive cells (M1 macrophages) significantly
increased on days 1, 3, 5, and 7 as compared with controls,

(Fig. 6C and E); however, there was no significant change on
days 3 (Fig. 6D and E), 5 or 7. The number of CD68-positive
cells in DX + TAA group was significantly less than that
in TAA group on days 1, 3, 5 and 7 (Fig. 6E). Collectively,
CD68-positive infiltrating macrophages, which should in-
crease after TAA injection, were markedly suppressed by
DX treatment in DX + TAA group.
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Fig. 5. Evaluation for collagen deposition for fibrosis with the azan-Mallory method. (A) Collagen deposition is not seen in the control liver. (B)
In TAA group, along with degenerative hepatocytes, collagen deposition is observed in the centrilobular area (arrowheads) on day 5 as
reparative fibrosis. (C) In DX + TAA group, the degree of collagen deposition on day 5 is lesser compared with that in TAA group. (D)
The degree of collagen deposition is notably suppressed in DX + TAA groups compared with that in TAA groups. CV, central vein; bar
=100 um. P<0.05; *, vs. control; #, vs. DX+TAA; Tukey-Kramer’s test.

On day 1, CD163-positive cells (M2 macrophages)
showed a significant decrease in TAA and DX + TAA
groups (Fig. 7A, C and E), as compared with control, indi-
cating the suppression of M2 macrophages in TAA group
and DX + TAA group with DX treatment. In contrast, the
number of CD163-positive cells significantly increased on
day 3 in TAA group (Fig. 7B and E) compared with that
of the control, indicating M2 macrophage reaction upon
TAA injection; however, they decreased significantly in the
DX + TAA group (Fig. 7D and E). The number of CD163-
positive cells did not show any significant change between
these groups on days 5 and 7. The DX treatment clearly sup-
pressed CD163-positive M2 macrophages on days | and 3 in
DX + TAA group. In conclusion, the appearance of M1 and
M2 macrophages in TAA-induced lesions was suppressed
by DX pretreatment.

MIF expression in TAA-induced liver lesions under
DX treatment: Macrophage-migration inhibitory factor
(MIF) is a regulator molecule known to accumulate mac-
rophages in lesions and progress inflammation® 10. To com-
pare distributions of MIF between TAA and DX + TAA
groups, immunohistochemistry for MIF was evaluated. In
TAA group, affected hepatocytes in the centrilobular area
on day 1 showed a strong positive reaction to MIF (Fig. 8A);
the reactivity quickly decreased on days 3, 5 and 7. On the

contrary, in DX + TAA group, some hepatocytes reacted to
MIF in the affected centrilobular area (Fig. 8B) and thereaf-
ter, MIF-positive cells were rarely seen on days 3, 5 and 7, as
seen in the control livers without any positive cells to MIF.

Discussion

In hepatotoxicity, chemicals injure hepatocytes di-
rectly or indirectly via reactive metabolites converted by
metabolic enzymes such as cytochrome P450!1-13. The cause
of hepatotoxicity by TAA is its reactive metabolites, TAA-
sulfoxide, TAA-S, and S-dioxide produced by CYP2El
which is abundant in the centrilobular area in the liver!4 15.
These metabolites covalently bind to and modify cellular
lipids or proteins, resulting in centrilobular hepatocellular
necrosis!®: 7. Besides the direct role of these chemicals them-
selves, macrophages may also influence chemical-induced
liver lesions by modifying the balance between inflamma-
tion and anti-inflammation. M1/M2 macrophages may be
useful in evaluating hepatotoxicity?. In fact, in TAA-in-
duced rat liver lesions, CD68-positive M1 macrophages for
tissue injury/inflammation appear in the early stages, and
thereafter, CD163-positive M2 macrophages are recruited
for anti-inflammatory action and reparative fibrosis in the
late stgaes3.
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Fig. 6. Immunohistochemical analysis for CD68 for M1 macrophages in liver samples. (A) In TAA group, CD68-positive macrophages appear
in the centrilobular area on day 1; (B) CD68-positive macrophages are still seen on day 3. (C, D) in DX + TAA group, CD68-positive mac-

rophages are decreased in the centrilobular area compared with

those in TAA group on days 1 and 3. (E) The numbers of CD68-positive

cells in DX + TAA group are temporarily increased on day 1 compared with control group; however, they are statistically less than that
in TAA group on each examination day. CV, central vein; bar = 100 um. P<0.05; *, vs. control; #, vs. DX+TAA; Tukey-Kramer’s test.

Anti-inflammatory effects of DX used in this study are
due to the suppression of arachidonic cascade and down-
regulation of eicosanoids production, affecting functions of
inflammatory cells!8-20. It has been reported that DX affects
macrophages by inhibiting transcription factors such as NF-
kB, resulting in down-regulation of cytokine expression,
chemotaxis, phagocytosis and antigen-presenting activity
of macrophages?0:2L. In this study, we investigated effects of
DX on liver homeostasis and TAA-induced liver lesion de-
velopment in rats.

Effects of DX on macrophage appearance in normal
rat livers (experiment 1)

In normal livers, there were no inflammatory macro-
phages expressing CD68. CD163-positive cells are found in
normal livers and they are regarded as Kupffer cells, based
on the distribution2:22. Daily injections of DX for 3, 7 and 11
days at 0.5 and 1.0 mg/kg body weight markedly suppressed
the appearance of CD163-positive Kupffer cells.

With the decrease of Kupffer cells by DX, the ALT level
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Fig. 7. Immunohistochemical analysis for CD163 for M2 macrophages. (A) In TAA group, CD163-positive macrophages with swollen cyto-
plasm are seen in the centrilobular area on day 1; (B) CD163-positive macrophages are still seen on day 3. (C) In DX+TAA group, CD163-
positive macrophages also appear in the centrilobular area; (D) the appearance of CD163-positive macrophages is notable on day 3. (E)
However, the numbers of CD163-positive macrophage in DX + TAA group are statistically less than that in TAA group on days 1 and 3.
CV, central vein; bar = 100 pm. P<0.05; *, vs. control; #, vs. TAA; ¥, vs. DX+TAA; Tukey-Kramar’s test.

TAA, day 1 DX+TAA, day 1 Fig. 8. Immunohistochemistry for macrophage-migration inhibitory
A B factor (MIF) in liver samples. (A) Hepatocytes in the centri-
lobular area strongly express MIF in TAA group on day 1.
(B) The MIF expressions is weaker in DX + TAA group liver
samples. CV, central vein; bar = 100 pm.
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increased in a time and dose-dependent manner. Similarly,
treatment with clodronate liposome, which induces apopto-
sis of macrophages including Kupffer cells, also increased
the levels of ALT and AST?23. In contrast, our results showed
that the ALT and AST values significantly decreased under
the activation of Kupffer cells induced by empty liposome!.
Kupffer cells can be related to the clearance of hepatic de-
viation enzymes!: 23. 24,

More interestingly, CDI163-positive Kupffer cells
showed recovery with the 4-day withdrawal after the DX
treatment. Simultaneously, the mRNA band of TNF-a,
which is a cytokine for tissue injury?2s. 26 appeared, although
there were no bands during continuous treatment of DX and
in controls. Therefore, recovered hepatic residential macro-
phage (Kupffer cells) might have had inflammatory func-
tions related to the increase of TNF-o mRNA. Such mecha-
nisms need to be investigated further.

DX attenuates drug induced liver fibrosis (experiment
2)

Liver lesions in rats injected once by TAA (300 mg/
kg body weight) are characterized by coagulation necrosis,
inflammatory cell reaction and subsequently reparative fi-
brosis in the centrilobular area; CD68- and CD163-positive
macrophages appear in the affected areas’. In the present
TAA group, the induced lesions were similar to those report-
ed previously 27. CD68- and CD163-positive macrophages,
which showed an increased appearance in the TAA group,
were markedly suppressed by the treatment with 0.5 mg/
kg DX. Because immunoexpression of MIF in the affected
hepatocytes was inhibited at the early stages in DX + TAA
group, the DX treatment might have suppressed MIF expres-
sion, presumably resulting in the inhibition of migration of
M1/M2 macrophages into injured areas®. Under decreased
number of M1/M2 macrophages, TAA-induced liver le-
sions, particularly reparative fibrosis, were attenuated in the
late stages. Besides inhibition of fibroblasts, inhibition of
macrophage infiltration, which might be caused by suppres-
sion of MIF by DX, plays a crucial role in the attenuation
of reparative fibrosis?3. 29, A previous study showed that DX
injection could attenuate the levels of bleomycin-induced
interstitial pneumonia with decreased number of appearing
macrophages in ratsé. On the contrary, the clodronate lipo-
some treatment in TAA-injected rats aggravated the liver
lesions, which was characterized by prolonged coagulation
necrosis and occurrence of dystrophic calcification3. Mac-
rophages appearing in lesions might influence inflammation
progression and subsequent fibrosis.

Summary

In conclusion, this study with DX treatment showed
possible roles of macrophages in physiological and patho-
logical settings; physiologically, resident macrophages
(Kupffer cells) maintain hepatic homeostasis through pos-
sible clearance of AST and ALT, and pathologically, M1/M2
macrophages modify hepatic lesions induced by TAA. Par-
ticularly, hepatic reparative fibrosis by TAA injection was

attenuated by DX treatment. Further studies on fibrogenic
factors and molecular mechanisms affecting DX would be
useful to understand development of chemical-induced he-
patic lesions.
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