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Abstract

Objective
Prolonged use of glucocorticoids (GCs) for treatment of inflammatory and autoimmune conditions may have several

negative side effects, such as impaired bone growth which has been linked to increased apoptosis in growth plate
chondrocytes. It has recently been shown that humanin, a small mitochondrial derived peptide, rescues growth plate
chondrocytes from GC-induced apoptosis. Our aim was to study if a synthetic analogue of humanin, [Glyl4]-HNG (HNG),
can be safely used to prevent GC-induced toxicity in growth plate chondrocytes without interfering with the desired
anti-inflammatory effect in an in vivo model of arthritis.

Methods
Arthritis was induced in DBA/I mice by collagen type Il in complete Freund’s adjuvant and the animals were treated with
Dexamethasone (Dexa) (0.25 mg/kg/day) with or without HNG (100 ug/kg/day) for 14 days. The animals were observed
daily for the presence of arthritis including signs of erythema and swelling of the joints. The paws were scored based on
the severity of the swelling. After termination, histological scoring was performed of all paws. Chondrocyte apoptosis
and proliferation were analysed by TUNEL assay and PCNA staining, respectively.

Results
We found that HNG treatment in combination with Dexa protected from Dexa-induced chondrocyte apoptosis in both
articular and growth plate cartilage. Furthermore, based on clinical and histology scoring analyses, HNG did not
interfere with the desired anti-inflammatory effect of Dexa.

Conclusion
Our results suggest that the combination of HNG and GCs may provide a new treatment strategy in conditions of
chronic inflammation, which could potentially prevent bone growth impairment.
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Introduction

Chronic inflammatory conditions dur-
ing childhood are commonly associ-
ated with growth retardation, which
mainly is a result of high levels of pro-
inflammatory cytokines and long-term
glucocorticoid (GC) treatment, affect-
ing the sensitive regulation of growth
plate chondrocytes (1-4). Longitudinal
bone growth is a complex and tightly
regulated process that occurs within the
growth plate, a thin layer of chondro-
cytes at different stages of differentia-
tion. Pro-inflammatory cytokines such
as interleukin 1 beta (IL-1f3), tumour
necrosis factor alpha (TNF-a) and in-
terleukin 6 (IL-6) interact directly with
growth plate chondrocytes impairing
longitudinal bone growth (5, 6). De-
spite a high degree of therapeutic ef-
ficacy in reducing inflammation, it is
well known from studies in vitro and in
vivo that GCs may have severe adverse
effects. One of the most common side
effects is impaired bone growth, which
is linked to systemic as well as local
effects at the growth plate level (7, 8).
To date, no specific treatment is avail-
able which may prevent bone growth
impairment in GC-treated children
with chronic inflammatory conditions.
Consequently, there is an unmet need
for new treatment strategies addressing
bone growth rescue.

GC-induced apoptosis in growth plate
chondrocytes is mediated by sup-
pression of the PI3K-Akt signalling
pathway and activation of the caspase
cascade where Bax, a key mediator of
intrinsic apoptosis, plays an important
role (9). Previous studies have shown
that the mitochondrial derived pep-
tide humanin may rescue from Dexa-
induced bone growth retardation by
inhibiting the activation of Bax and
thereby preventing cell death (10). Hu-
manin-Gly14 (HNG), a humanin ana-
logue with enhanced potency, has been
shown to have therapeutic potential in
Alzheimer disease, diabetes, and stroke
(11-14). We have previously shown
that HNG can rescue from growth re-
tardation induced by the anti-cancer
drug bortezomib and GC treatment in
mice (15, 16) Interestingly, this study
also showed that HNG in itself have
anti-inflammatory effects by suppress-

ing cytokine levels in LPS challenged
human monocyte-derived macrophages
(16). However, these protective effects
of HNG have so far been studied only
in normal mice and human macrophag-
es and the effects of HNG in a disease
model of chronic inflammation have
not yet been clarified.

Based on these previous findings, we
hypothesised that HNG can be used in
combination with Dexa without inter-
fering with the desired anti-inflamma-
tory effects of GCs and that HNG may
prevent GC-induced chondrocyte toxic-
ity in a model of chronic inflammation.
To test this hypothesis, the therapeutic
effect of Dexa and HNG in combina-
tion was investigated in collagen type II
induced arthritis (CIA) in DBA/1 mice,
which is the most widely used model of
rheumatoid arthritis sharing many fea-
tures with the human disease (17).

Materials and methods

Induction and of collagen type I1
Arthritis

All experimental procedures were ap-
proved by the Stockholm North Ethical
Committee, Sweden (ethical permit no.
N 464/12). Female DBA/1 mice, 18-
20g (approximately 8 weeks old), were
purchased from Taconic and housed in
specific pathogen-free animal facilities
at the Karolinska University Hospital,
Solna, Sweden. The mice were housed
five animals per cage and had free ac-
cess to water and standard chow. A 12-h
light/dark circle was maintained at all
time. Under isoflurane anesthesia, mice
were injected subcutaneously at the
base of the tail with type II collagen
(CII) prepared from bovine nasal car-
tilage emulsified in Freund’s complete
adjuvant. Each mouse received 100 pg
of CII and 300 pg of Mycobacterium
tuberculosis in 100 pL of emulsion. On
day 28 after the first injection, the mice
received a booster injection of 100 ug
CII in 100 pL Freund’s incomplete ad-
juvant. Mice that did not develop any
signs of arthritis within 14 days after
the booster injection were excluded
from the study. Figure 1 illustrates in
detail the experimental set up.

Clinical evaluation of arthritis
The mice were observed daily for the
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Fig. 1. Experimental design,
time points of induction and

presence of arthritis including signs of
erythema and swelling of the joints b '

y 1 blished & ) ; b Z treatment and number of ani- 8w old mice Ezg:;tf)r
a W? -establishe pI‘.OtOCO CSC.I‘I c mals included in the main study. (n=55)
previously (18). Briefly, the inter- * *
phalangeal joints of the digits, the meta- P
carpophalangeal joints and wrist in the Q/

/ Immunization \

Arthritis incidence 60%

Excluded animals (n=21)

forepaws and the metatarsophalangeal
joints and ankle joints in the hind-paws
were each considered as one category of
joints. Individual paws were scored on a
scale of 0-3 as follows: O = no signs of
arthritis, 1 = one type of joint affected,
2 =two types of joints affected, and 3 =
the entire paw affected. Thus, the maxi-
mal score for each animal is 12, but
mice reaching a total score of 9 were
sacrificed due to ethical restrictions;
therefore, score 9 represents the high-
est possible score allowed in this study.
Clinical evaluation of arthritis was per-
formed by three observers blinded to
the identity of the animals.

Establishment of treatment protocol
The onset of disease, demonstrated by
the clinical arthritis score, occurred
within 14 days after the booster injec-
tion (Fig. 1). The animals were ran-
domly assigned a treatment regime
when the animals reached a total score
of 3. In a pre-study, three different con-
centrations of Dexa (SigmaAldrich)
(1, 0.25 and 0.1 mg/kg) were adminis-
tered by intraperitoneal (ip) injections
to arthritic mice for 21 consecutive
days. Treatment with 1 mg/kg of Dexa
showed a lower clinical score compared
with vehicle (p<0.001) while 0.1 mg/
kg Dexa showed a trend towards lower
scores compared with vehicle, however
not statistically significant (Supplemen-
tary Fig. 1). Based on these findings, a
dose of 0.25 mg/kg of Dexa (p<0.01
compared with vehicle) and a treatment
period of 14 days was used in subse-
quent experiments.

The animals in the main study were
treated with daily ip injections of 1)
Dexa (SigmaAldrich) (0.25 mg/kg/day)
dissolved in sterile sodium chloride
(NaCl), 2) HNG (Genescript) (100 pg/
kg/day) dissolved in NaCl, 3), a combi-
nation of Dexa and HNG, or 4) vehicle
(NaCl). After 14 days of treatment, the
animals were sacrificed by CO,, blood
collected by heart punctuation and se-
rum stored at -80°C until analysed.
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Paws and hind limbs were dissected for
histopathological analysis.

Tissue collection and preparation
Paws and femur from all animals were
dissected and fixed in 4% formalde-
hyde for 24 hrs followed by decalcifi-
cation in EDTA buffer for 3—4 weeks
before dehydration and paraffin em-
bedding. Serial sections (5 pm thick)
were stained with hematoxylin-eosin
and Safranin O-Fast green.

Histological scoring of arthritis

All paws were analysed and the joints
were scored for arthritis severity ac-
cording to a previously described pro-
tocol (18). Briefly, cell infiltration and
cartilage destruction were scored on
a scale of O (no infiltration/no abnor-
malities) to 3 (maximal cell infiltration/
completely destroyed joint) by two ob-
servers blinded to the treatment. A mean
score of each parameter was calculated
for the four paws of each animal.

Cytometric bead assay
Cytokines in serum samples were
analysed using cytometric bead assay

(CBA) flexbeads (BD Biosciences,
Pharmingen, San Diego, CA, USA). In
mouse sera detection of TNF, IL-1a,
IL-1p,1L6, KC, IFN-y and MCP-1 was
performed according to the manufac-
turer’s instructions on a CYAN flow
cytometer and analysed with FCAP Ar-
ray software (BD v. 3.1).

TUNEL analysis in femur growth

plate and articular cartilage

Apoptotic cell death by DNA fragmen-
tation in chondrocytes was studied by
terminal deoxynucleotidyl transferase
(TdT)-mediated biotinylated UTP nick
end labelling (TUNEL). Serial sections
of femur (n=5 bones per group) were
stained with a TUNEL kit (QIA33,
TdT-FragEL, Calbiochem), according
to the manufacturer’s instructions. Im-
ages covering the whole growth plate
as well as the articular cartilage were
analysed under a fluorescence micro-
scope (a Nikon ES800 fitted with an
Olympus DP70 camera). All TUNEL
positive cells (Alexa-546, Invitrogen)
were counted and divided by the to-
tal number of cells (DAPI stained) to
achieve the percentage of TUNEL posi-

Supplementary Fig. 1. 14 -
Clinical scores from the
pre-study where animals
where treated with three
different doses of Dexa
(0.1,0.25 and 1 mg/kg) for 10
21 consecutive days. )
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tive cells. For the digital cell counting
Image J software (NIH) was used.

PCNA staining of femur growth plate

Cell proliferation in the growth plate
cartilage was assessed by analysing pro-
liferating cell nuclear antigen (PCNA)
expression in serial sections of femur
growth plates (n=5 bones per group) as
described previously (19). Briefly, after
deparaffinisation and rehydration, anti-
gen retrieval was performed in sodium
citrate buffer (10 mM pH 6.0). The
sections were blocked with 3% bovine
serum albumin (BSA) before incuba-
tion overnight at 4°C with the primary
rabbit anti-PCNA antibody (1:100, Ab-
cam 18197). Sections were incubated
for 1 hour at RT with secondary goat
anti-rabbit IgG-HRP antibody (1:300,
Santa Cruz sc-2004) followed by incu-
bation with an avidin-peroxidase com-
plex (Vectastain ABC-kit PK-6100)
and visualised with 3,3’ diaminoben-
zidine (DAB) (Dako K3468) develop-
ment for 3 minutes. Thereafter sections
were counterstained with Alcian blue,
dehydrated and coverslipped. Images
were captured by a Nikon Eclipse E800
light microscope connected to a digital
camera (Hamamatsu C4742-95, Hama-
matsu City, Japan) with a digital colour
camera system (Olympus DP70). Using
the Image J software, the number of
PCNA positive cells was determined by
one observer blinded to the treatment.

Cell cultures and analysis of apoptosis
The RCJ3.1C5.18 rat chondrocytic
cell line was used and cultured as pre-
viously described (20). Briefly, after
4 days in culture when the cells had
reached confluency, fresh MEM alpha
with 50 pg/ml ascorbic acid and10nM
[B-glycerophosphate was added, before
the cells were treated with Dexa (30uM)
with/without HNG (10nM) for 72h. Ap-
optosis was determined by quantifica-
tion of cytoplasmic histon-associated
DNA fragments by photometric enzyme
immunoassay (Cell Death Detection
ELISAPUS, Roche Diagnostics) accord-
ing to manufacturer’s instructions.

Statistical analysis

Statistical analysis of the clinical score
is based on area under the curve for
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Fig. 2. Effect of g
HNG on GC-induced
apoptosis and prolif-
eration. TUNEL analy-
sis detecting apoptotic
chondrocytes in femur
growth plate and artic-
ular cartilage from CIA
mice. Quantification of
TUNEL positive cells
in growth plate (n=5)
(A) and articular carti-
lage (n=5) (B). Quanti-
fication of apoptosis in
RCJ3.18 chondrocytes
treated  with  Dexa
(30uM)  with/without
HNG (10nM) for 72h
(n=3) (C). Quantifica-
tion of PCNA posi-
tive area in the growth
plate (n=5) (D).
*p<0.05, *#p<0.01,
**%p<0.001.
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Fig. 3. HNG does ]
not interfere with the

desired anti-inflamma- 8
tory effect of Dexa.
DBA/1 mice induced
with collagen type II
arthritis were treated
for 14 days with Dexa,
with or without HNG,
starting from when
the animals reached a
clinical score of 3. The
development of arthri-
tis was significantly
attenuated with treat-
ment with Dexa and
Dexa in combination
with HNG, compared
with the vehicle treated
animals. ***p<0.001.

Clinial score

—&— Control (n=9)
—— Dexa (n=7)

—@— Dexa+HNG (n=10)
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Duration of treatment (days)

each individual animal. The values are
median clinical score and the error bars
represent interquartile range. For the
histological scoring, a mean value was
calculated for each animal and values
are presented as mean + SD. For dif-
ferences between several groups, para-
metric one-way analysis of variance
(ANOVA) followed by Holm-Sidak
test, or the non-parametric Kruskal-
Wallis ANOVA on Ranks followed by
Dunn’s multiple comparison test was

applied. TUNEL and PCNA quantifica-
tion values are presented as mean+SD.
Analyses were performed using the
SigmaPlot software (Systat Software
Inc., IL, USA) ***¥p<0.001, **p<0.01
and *p<0.05 were considered statisti-
cally significant.

Results

Humanin suppressed Dexa-induced
chondrocyte apoptosis in arthritic mice
To study if HNG may rescue from Dexa-
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induced chondrocyte apoptosis un-
der inflammatory conditions, TUNEL
staining was performed in sections of
the femur from arthritic mice. In growth
plate cartilage, increased chondrocyte
apoptosis was detected in Dexa treated
animals when compared to the vehicle
group (Fig. 2A; p<0.05). Interestingly,
humanin prevented this effect and less
apoptotic cells were detected in animals
treated with a combination of HNG and
Dexa when compared to Dexa alone
(Fig. 2A; p<0.01). Similarly, Dexa
treatment increased chondrocyte ap-
optosis in articular cartilage (Fig. 2B;
p<0.01), and when HNG was admin-
istered in combination with Dexa, this
effect was completely abolished (Fig.
2B; p<0.001). The protective effect of
HNG was also verified in cell cultures
of RCJ3.1C5.18 chondrocytes, where
Dexa-induced apoptosis could be res-
cued by co-treatment with HNG (Fig.
2C). PCNA staining of femur growth
plates showed decreased chondrocyte
proliferation in Dexa treated mice com-
pared to vehicle (Fig. 2D; p<0.05) and
HNG was not capable to significantly
rescue from this effect (Fig. 2D).

Humanin did not interfere with

the anti-inflammatory effect of Dexa
Daily treatment with Dexa for 14 con-
secutive days effectively reduced the
clinical arthritis score when compared
to the vehicle group (Fig. 3; p<0.001).
When HNG was administered in com-
bination with Dexa, the clinical arthri-
tis score was effectively reduced (Fig.
3; p<0.001) in a similar way as in mice
treated with Dexa alone. Treatment
with HNG alone did not affect the clini-
cal severity of arthritis when compared
to the vehicle group. In accordance
with the clinical scoring, histopatho-
logical analysis demonstrated increased
cell infiltration and joint destruction
in untreated animals compared to the
Dexa treated group with significantly
reduced histological scores (Fig. 4A-
B; p<0.05). Treatment with HNG in
combination with Dexa decreased the
histological scores similarly as in ani-
mals treated with Dexa alone (Fig. 4A-
B) while HNG alone had no effect on
the scores. Serum levels of TNF, IL-
la, IL-1f, IL6, KC, IFN-y and MCP-1
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Fig. 4. Histological score. Cell infiltration (A) and joint destruction (B) was analysed in sections from
paws (n=7-9). Representative micrographs (C) illustrating the tarsal area of the hind paws from one
animal from each treatment group. Navicular bone (N), cuneiform bones (C), talus bone (T). *p<0.05

were analysed with cytometric bead ar-
ray CBA, but levels were low or below
detection range for all cytokines (data
not shown).

Discussion

Herein, we showed that systemic treat-
ment with HNG, a potent analogue of
the mitochondrial DNA encoded pep-
tide humanin, can rescue from Dexa-
induced chondrocyte apoptosis in a
disease model of experimental arthri-
tis. The chondrocyte rescuing effect
was demonstrated in both articular and
growth plate cartilage as well as in cell
cultures in vitro suggesting that HNG
can be used to prevent toxic effects of
GCs in both these tissues. Moreover,
and importantly our data demonstrated
that HNG treatment did not interfere
with the desired anti-inflammatory ef-
fect of Dexa.

Recently, HNG was reported to rescue
from Dexa-induced apoptosis in growth
plate chondrocytes in treated mice as
well as in cultures of human growth
plate chondrocytes (16). Furthermore,
HNG was shown to prevent apoptosis
in other pathological conditions in-
cluding neurodegeneration and cardiac
injury (21-23). Our present data dem-
onstrated that HNG is capable of res-
cuing chondrocytes from Dexa-induced
apoptosis also in a disease model of
chronic inflammation. It is important to
emphasise that we did this observation
not only in growth plate chondrocytes
but also in articular cartilage, which
widens the potential application of our
findings. We think these data may open
for the clinical development of a novel
strategy combining a humanin analogue
with GCs when treating conditions of
chronic inflammation.
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We found that Dexa treatment not only
effectively suppressed inflammation in
CIA but also caused growth plate and
articular chondrocytes to undergo un-
desired apoptosis. This finding is of
particular interest as it has not been
reported if GCs given to suppress in-
flammation also may trigger undesired
toxic effects in bone and cartilage. Our
results clearly indicated that GC treat-
ment enhanced chondrocyte apoptosis
although systemic inflammation was
suppressed. nflammation is known to
trigger undesired apoptosis, which may
cause bone growth impairment and
articular cartilage degradation (6). As
GCs are known to suppress inflamma-
tion, one could therefore hypothesise
that GC treatment would also suppress
the apoptotic activity. However, our
data showed the opposite suggesting
that GC-induced chondrocyte apopto-
sis is independent from the immuno-
suppressive effect.

Concomitantly, we observed that chon-
drocyte proliferation was suppressed
by Dexa treatment when studied in the
femur growth plate cartilage of arthritic
mice. These results confirm previ-
ous reports where Dexa treatment was
found to suppress chondrocyte prolif-
eration in normal mice (16, 24). GC-
induced suppression of chondrocyte
proliferation has earlier been linked to
impaired bone growth (25). When com-
bining HNG and Dexa treatment, we
found chondrocyte proliferation to still
be decreased although the effect was
less pronounced than in arthritic ani-
mals given Dexa alone. HNG alone did
not affect chondrocyte proliferation in
this experimental model of chronic in-
flammation. Our present data confirmed
recently published data in normal mice
where HNG was reported to partially
rescue growth plate chondrocytes from
Dexa-induced suppression of cell pro-
liferation (16).

We here present in vivo data obtained
from an experimental disease model of
arthritis showing that HNG does not
interfere with the desired anti-inflam-
matory effect of Dexa, an effect previ-
ously only reported in cultured cells
and LPS-challenged normal mice (16).
Studies of both inflammatory cell infil-
tration and joint destruction confirmed
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that HNG does not interfere with the
beneficial effects of Dexa treatment in
the arthritis model. These data suggest
that the combination of HNG and Dexa
may offer a novel approach to rescue
bone growth when treating conditions
of chronic inflammation.

Previous studies have demonstrated that
HNG has an anti-inflammatory effect
by suppressing TNF-a and IL-6 levels
in normal mice challenged to LPS (16,
26). In contrast, no anti-inflammatory
effect of HNG could be confirmed in
the CIA model used in this study. This
may be due to several reasons. Firstly,
the penetrance of HNG into the joint
is unknown, emphasising the impor-
tance of performing pharmacokinetic
studies and dose titrations to clarify
the anti-inflammatory effect of HNG
in conditions of chronic inflammation.
Secondly, in CIA, the mice develop a
severe form of arthritis with erythema
and swelling of the joints and it is pos-
sible that the HNG concentration used
in this study was not sufficient to have
an anti-inflammatory effect on its own.
The experimental CIA model used is
the golden standard mouse model when
studying arthritis (17). However, as the
animals were immunised at an age of
8 weeks, meaning it was not possible
to study effects on longitudinal bone
growth as their growth already had
reached a plateau at time of disease on-
set. Due to this limitation of the model,
our aim was restricted to clarifying
whether HNG could be used in com-
bination with Dexa without interfer-
ing with the desired anti-inflammatory
effect.

Conclusion

In conclusion, the present study showed
that systemic treatment with the hu-
manin analogue HNG rescued growth
plate and articular chondrocytes from
Dexa-induced cell death in an experi-
mental mouse model of arthritis. Im-
portantly, HNG did not interfere with
the desired anti-inflammatory effect of
Dexa suggesting that exogenous HNG
in combination with GCs could repre-
sent a new treatment strategy to pre-
vent toxic effects of GCs in the growth
plate and articular cartilage. Further
studies are needed to clarify the anti-

inflammatory and growth rescuing ef-
fects of HNG in conditions of chronic
inflammation.
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