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Objective: Children with inflammatory bowel disease (IBD) often suffer from

poor bone growth and impaired bone health. Humanin is a cytoprotective

factor expressed in bone and other tissues and we hypothesized that

humanin levels are suppressed in conditions of chronic inflammation. To

address this, humanin levels were analyzed in serum samples from IBD

patients and in ex vivo cultured human growth plate tissue specimens

exposed to IBD serum or TNF alone.

Methods: Humanin levels were measured by ELISA in serum from 40

children with IBD and 40 age-matched healthy controls. Growth plate

specimens obtained from children undergoing epiphysiodesis surgery were

cultured ex vivo for 48 hours while being exposed to IBD serum or TNF alone.

The growth plate samples were then processed for immunohistochemistry

staining for humanin, PCNA, SOX9 and TRAF2 expression. Dose-response

effect of TNF was studied in the human chondrocytic cell line HCS-2/8. Ex

vivo cultured fetal rat metatarsal bones were used to investigate the

therapeutic effect of humanin.

Results: Serum humanin levels were significantly decreased in children with

IBD compared to healthy controls. When human growth plate specimens

were cultured with IBD serum, humanin expression was significantly

suppressed in the growth plate cartilage. When cultured with TNF alone,

the expression of humanin, PCNA, SOX9, and TRAF2 were all significantly

decreased in the growth plate cartilage. Interestingly, treatment with the

humanin analog HNG prevented TNF-induced bone growth impairment in

cultured metatarsal bones.

Conclusion: Our data showing suppressed serum humanin levels in IBD

children with poor bone health provides the first evidence for a potential link

between chronic inflammation and humanin regulation. Such a link is further

supported by the novel finding that serum from IBD patients suppressed

humanin expression in ex vivo cultured human growth plates.
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Introduction

Children with chronic inflammatory diseases, such as

inflammatory bowel disease (IBD), often experience impaired bone

health including bone growth retardation (1, 2). Although many of

these children are effectively treated with glucocorticoids and other

anti-inflammatory therapies, bone growth retardation often remains

or even worsen due to undesired side-effects of the treatment. A

better understandings of how chronic inflammatory disorders affect

bone health may facilitate the development of new bone-protective

treatment strategies.

Longitudinal bone growth occurs at the growth plate, a hyaline

cartilage layer situated in the metaphysis of long bones. In the growth

plate, chondrocytes undergo proliferation and hypertrophy while

producing cartilage matrix. During these steps, new cartilage tissue is

formed which is subsequently remodeled into trabecular bone (3). This

process is tightly controlled by a variety of growth factors, cytokines and

ubiquitin/proteasome system (4), and any disturbance of this will result

in growth retardation. Inflammation is characterized by active immune

cells and elevated production of cytokines including tumor necrosis

factor (TNF) which has been associated with disease activity in IBD.

Furthermore, TNF has been linked to growth retardation and anti-TNF

treatment has been found to have the capacity to rescue bone growth in

patients with IBD (5, 6). Experimental data have suggested that

circulating TNF may impair the growth hormone–insulin-like growth

factor-1 axis (7, 8). Locally at the growth plate level, TNF and IL-1beta

have been shown to act in synergy suppressing chondrocyte proliferation

and bone growth in ex vivo cultured metatarsal bones (9). TNF is also

known to trigger the production of other pro-inflammatory cytokines,

such as IL6 and IL-1beta (10), suggesting that TNF is a master player in

the inflammatory process. Whether TNF alone may impair

chondrogenesis in the human growth plate has so far not been studied.

Humanin, a 24-amino acid peptide first identified in surviving

neurons from an Alzheimer disease patient, has been found to be a

potent neurosurvival and anti-apoptotic factor (11). Humanin is also

expressed in growth plate cartilage where it was shown to protect

chondrocytes from undergoing undesired apoptosis (12). Interestingly,

humanin itself was also found to exert anti-inflammatory effects (12).

Recently, it was reported that humanin can improve metabolic health

and increase lifespan in mice (13).

To identify any association between chronic inflammation and

systemic humanin regulation, we measured humanin levels in serum

samples obtained from IBD patients with known poor bone health. By

applying a unique organ culture system of human growth plate tissues

from children, we also investigated the local effects of IBD serum and

TNF alone on local humanin expression and chondrogenesis within

the growth plate.
Materials and methods

Serum collection from IBD patients
and controls

We used previously collected serum samples from IBD children

(boys and girls, median age 14.9 years) with known history of low
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bone mineral density and decreased height Z score, and gender-

matched healthy children which served as controls (2).
Serum humanin ELISA

Circulating humanin levels were measured in the serum of IBD

patients and healthy controls by an ELISA kit (CSB-EL015084HU;

CUSABIO, Houston, USA) according to the manufacturer’s

instruction. We used the serum samples obtained from 40 IBD

patients and 40 age matched healthy controls to measure humanin

levels. Briefly, standards, or 10-fold diluted serum samples were

added to the appropriate wells and incubated for 2 hours at 37°C.

After removing the liquid of each well, 100 ml of Biotin-antibody
was added and then incubated for 1 hour at 37°C. After washing,

100 ml of HRP-avidin was added to each well and incubated for 1

hour at 37°C followed by five times washing. Then, 90 ml of TMB

Substrate was added to each well and incubated 25 minutes at 37°C

followed by adding 50 ml Stop Solution. The absorbance was read at

450 nm on a microplate reader.
Collection and culture of human growth
plate tissues

Human growth plate tissues were collected during epiphysiodesis

surgeries performed at Karolinska University Hospital. After informed

consent, human growth plate samples were obtained from 2 children

(1 boy, 1 girl) diagnosed with constitutional tall stature. Growth plate

biopsies from the distal femur or proximal tibia were harvested by

using a biopsy needle (8 gauge; Gallini Medical Products and Services,

Modena, Italy) as earlier described by us (14). The biopsies were

collected in DMEM, high glucose (21063-029; Thermo Fisher

Scientific, Waltham, Massachusetts, USA) with 10 mg/ml gentamicin

(11530506; Thermo Fisher Scientific, Waltham, Massachusetts, USA)

and then kept on ice while being transported from the operating room

to the laboratory for culture. Under aseptic conditions, the human

growth plate biopsies were cut into 1-2 mm slices and each slice was

then individually cultured in a 24-well plate with 0.5 ml culture media

per well. The culture media was DMEM, high glucose (21063-029;

Thermo Fisher Scientific, Waltham, Massachusetts, USA)

supplemented with of 0.2% bovine serum albumin, 1 mM b-
Glycerophosphate and 0.05 mg/ml ascorbic acid as described earlier

(14). The human growth plate biopsies were subsequently treated and

cultured in media with 10% serum, or 30 ng/ml TNF (510-RT-010;

Bio-Techne, Minneapolis, Minnesota, USA) combined or not

combined with 1 mM HNG for 48 hours, in a 5% CO2 incubator.

Thereafter, the growth plates were fixed for 24 hours in 4%

paraformaldehyde (HL96753.1000; Histolab, Askim, Sweden)

followed by decalcification in EDTA buffer for 24 hours before

dehydration and paraffin embedding.
Immunohistochemistry and quantification

To analyze protein expression in the growth plate,

immunohistochemistry was performed in serial sections of human
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growth plates as earlier described (12). Briefly, the sections were first

deparaffinized and rehydrated. Antigen retrieval was then performed

in sodium citrate buffer (10 mM pH 6.0) for 10 min at 75°C followed

by washing with distilled water. Thereafter, sections were quenched

with 3% hydrogen peroxide (1072090250; Burlington, Massachusetts,

USA) in methanol (1060092511; Burlington, Massachusetts, USA) for

10 minutes and blocked with 2% goat serum for 1 hour. Next, slides

were incubated with anti-humanin antibody (NB100-56877; Novus

Biologicals, Littleton, Colorado, USA), anti-proliferating cell nuclear

antigen (PCNA) antibody (ab-18197; Abcam, Cambridge, United

Kingdom), anti-SOX9 antibody (ab-5355; Sigma-Aldrich,

Burlington, MA, USA), and anti-TRAF2 antibody (NB100-56173SS;

Novus Biologicals, Littleton, Colorado, USA) overnight at 4°C, 1:300

diluted for all antibodies. After primary antibody incubation, sections

were washed with PBS with 0.05% Tween 20 (P1379; Sigma-Aldrich,

Burlington, MA, USA) for 15 minutes followed by incubation with

secondary antibody (1:300; BA-9500 Vector Laboratories; 1:500, ab

97049 Abcam) for 1 hour at room temperature. Sections were then

incubated with an avidin-peroxidase complex (Vectastain ABC-kit

PK-6100) and visualized with 3,3’ diaminobenzidine (DAB) (Dako

K3468) development for 1-3 minutes. Finally, the slides were

counterstained with Alcian Blue for 5 minutes and dehydrated.

Image J software (NIH) was used to quantify the percentages of

positive stained cells per mm² in the growth plates. Each growth plate

slice was regarded as one observation.
Bone growth analysis in cultured bones

The metatarsal bones were dissected from the hind paws of 17-

18 days old fetal Sprague-Dawley rats (E17/18) as previously

described (9). Only the middle three metatarsal bones were

collected. Thereafter, the bones were cultured in 24-well plates

with 0.5 ml/well of culture media. The culture media used was

MEM (31095029; Thermo Fisher Scientific, Waltham,

Massachusetts, USA) supplemented with 50 mg/ml ascorbic acid

(A5960-100G; Sigma-Aldrich, Burlington, MA, USA), 1 mM

sodium glycerophosphate (G9422-10G; Sigma-Aldrich,

Burlington, MA, USA), 0.2% bovine serum albumin (A8806-5G;

Sigma-Aldrich, Burlington, MA, USA), and 20 mg/ml gentamicin.

The metatarsals were treated with 100 ng/ml TNF (510-RT-010;

Bio-Techne, Minneapolis, Minnesota, USA), 1 mM humanin analog

HNG, or both for 12 days at 37°C with 5% CO2. Images of the bones

were captured on days 0, 2, 5, 7, 9, and 12 of culture using a

Hamamatsu C4742–95 digital camera mounted on a Nikon SMZ-U

microscope. The bone length was measured with the Infinity

Analyze software (Lumenera Corporation).
Cell culture

The human chondrocytic cell line, HCS-2/8 was cultured as

described previously (15). Briefly, the cells were maintained in

DMEM/F-12 (11320033; Thermo Fisher Scientific, Waltham,

Massachusetts, USA) supplemented with 20% fetal bovine serum

(FBS) and 20 mg/ml gentamycin at 37°C with 5% CO2. The cells
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were sub-cultured every week and the culture medium was changed

every 2-3 days. For quantitative realtime PCR and Western blot

analysis, the cells were seeded in 6-well cell culture plates in

DMEM/F12 medium containing 20% FBS. When cells were

approximately 80% confluent, they were washed with 1× PBS and

the medium was changed to test medium (DEME/12 without FBS)

with TNF (510-RT-010; Bio-Techne, Minneapolis, Minnesota,

USA) for 72 hours.
RNA extraction and quantitative real-
time PCR

Total RNA was extracted from harvested HCS-2/8 cells using

TRIzol reagent (15596026; Thermo Fisher Scientific, Waltham,

Massachusetts, USA) according to the manufacturer’s instruction.

iScript™ cDNA Synthesis Kit (1708890; Bio-Rad, Hercules,

California, USA) was used for the reverse transcription of total

RNA into cDNA. SsoAdvanced Universal SYBR Green Supermix

(1725271; Bio-Rad, Hercules, California, USA) was used for

quantitative real-time PCR (qPCR) reactions. The primers of

PCNA (Assay ID: qHsaCID0012792), humanin (Assay ID:

qHsaCED0019576), SOX9 (Assay ID: qHsaCED0021217), and

Beta-actin (Assay ID: qHsaCED0036269) were purchased from

Bio-Rad. qPCR reactions were performed with Bio-Rad 96 CFX

RT-PCR System. Beta-actin was used as an internal reference gene

to normalize the target genes. Relative levels of target genes were

calculated using the DDCT method.
Western blot analysis

Western blot analysis was performed as previously described

(16). The antibody against SOX9 (1:500; ab-5355) was purchased

from Sigma-Aldrich, Burlington, MA, USA). The antibody against

PCNA (1:1000; ab-18197) was purchased from Abcam (Cambridge,

United Kingdom). Anti-GAPDH antibody (1:2000; 10494-1-AP)

and Goat anti-Rabbit IgG (H+L) Secondary Antibody (1:3000; 65-

6120) were purchased from Thermo Fisher Scientific (Waltham,

Massachusetts, USA). Image J software (NIH) was used to quantify

the images obtained from Western blots.
Immunofluorescence

HCS-2/8 cells were seeded on Falcon 8-well Culture Slide

(354108; Corning, USA), treated with TNF (510-RT-010; Bio-

Techne, Minneapolis, Minnesota, USA) at 100 ng/ml concentration

for 72 hours. Thereafter, the cells were washed with PBS and fixed in

pure methanol (1060092511; Burlington, Massachusetts, USA) for 10

minutes at −20°C. After washing with PBS, fixed cells were blocked in

5% bovine serum albumin (A8806-5G; Sigma-Aldrich, Burlington,

MA, USA) for 1 h at room temperature and incubated overnight at 4°

C with anti-humanin antibody (1:500; NB100-56877; Novus

Biologicals, Littleton, Colorado, USA). After primary antibody

incubation, cells were washed with PBS with 0.05% Tween 20
frontiersin.org

https://doi.org/10.3389/fendo.2023.1142310
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhao et al. 10.3389/fendo.2023.1142310
(P1379; Sigma-Aldrich, Burlington, MA, USA) for 15 minutes

followed by incubation with Cy3 AffiniPure F(ab’)2 Fragment

Donkey Anti-Rabbit IgG (H+L) secondary antibody (1:500; 711-

166-152; Jackson ImmunoResearch, United Kingdom) for 1 hour at

room temperature. Nuclei were stained with Hoechst 33342 (1:500;

H3570; Thermo Fisher Scientific, Waltham, Massachusetts, USA)

together with secondary antibody incubation. The coverslips were

mounted in Prolong Gold antifade reagent (P36930; Thermo Fisher

Scientific, Waltham, Massachusetts, USA). Images were captured on

an LSM 700 confocal microscope (ZEISS, Jena, Germany).

Quantification of the fluorescence intensity in each image was

performed using ZEN Microscopy Software (ZEISS, Jena, Germany).
Statistical analysis

All statistical analyzes and receiver operating characteristics

(ROC) analysis were performed in GraphPad Prism. 2-tailed

unpaired t test and Wilcoxon rank-sum test were used to evaluate

statistical significance between 2 groups. 2-way ANOVA was used

for the analysis in the fetal metatarsal experiment. All data are

shown as mean ± SE, and a p-value less than 0.05 was

considered significant.
Results

Decreased humanin levels in serum from
IBD patients

We first measured humanin levels in serum samples obtained

from 40 patients with IBD (median age 14.9 years) and 40 age-

matched healthy controls. Humanin levels were found to be

significantly decreased in IBD patients (p=0.0053 vs controls)

(Figures 1A, B) suggesting a link between inflammation and

systemic humanin regulation. To investigate the sensitivity and

specificity of circulating humanin in the serum samples, a receiver

operating characteristics (ROC) curve was constructed (Figure 1C).

The ROC curve analysis revealed that the area under the curve

(AUC) value for circulating humanin is 0.68 (95% confidence

interval: 0.56 to 0.80).
Decreased humanin expression in human
growth plate cartilage exposed to
IBD serum

To test if serum obtained from children with IBD may locally

affect humanin expression in the growth plate, tissue specimens

obtained from a human growth plate were cultured with serum

from IBD patients and healthy controls for 48 hours (Figure 2A).

Immunohistochemistry analysis showed that humanin levels were

significantly decreased in growth plate specimens exposed to serum

obtained from IBD patients when compared to healthy controls

(p=0.0483) (Figures 2B, C and Supplementary Figure 1A).
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TNF suppressed humanin expression in
cultured human growth plate cartilage
and chondrocytes

To test if the important pro-inflammatory cytokine TNF may

have a direct suppressive effect on humanin expression in growth

plate cartilage, growth plate tissue specimens obtained from 2

different children were cultured with TNF (30 ng/ml) or control

medium for 48 hours. Our data showed that TNF significantly

suppressed humanin expression within the human growth plate

cartilage (p=0.0226) (Figures 3A, B and Supplementary Figure 1B).

A similar, although not significant, trend was found when data from

the 2 patients were analyzed separately (Figures 4A, E).

To investigate the dose-response effect of TNF on humanin

expression in human chondrocytes, we treated the HCS-2/8

chondrocytic cell line with TNF at 10, 30, 100, and 300 ng/ml for

72 hours. The qPCR results showed that humanin was significantly

suppressed by TNF at 10, 100, and 300 ng/ml vs control (p=0.0075,

0.0066 and 0.0104, respectively) (Figure 3C). To further validate this

data, we performed immunofluorescence and found that humanin

was significantly suppressed in the HCS-2/8 chondrocytic cell line

treated with TNF (p=0.0149) (Figures 3D, E).
TNF suppressed SOX9 and PCNA in
cultured human growth plate cartilage
and chondrocytes

To investigate if TNF alone may suppress chondrogenesis in the

human growth plate, tissue specimens were further analyzed for

expressions of SOX9 and PCNA. When treated with TNF alone,

SOX9 expression was decreased by 73.4% vs control (p=0.0325)

(Figures 5A, B and Supplementary Figure 2A). Similarly, PCNA, a

marker of cell proliferation, was suppressed by TNF (p=0.0497)

(Figures 5D, E, Supplementary Figure 2B). When analyzing data

from patient 1 and patient 2 individually, a similar trend was

noticed in both patients (Figures 4B, F, C, G).

We next performed dose-response studies in the HCS-2/8 cell

line with qPCR and observed that TNF significantly decreased

SOX9 gene expression at 10, 30, 100, and 300 ng/ml vs control

(p=0.0005, 0.0003, 0.0048 and 0.0032, respectively) (Figure 5C).

Similarly, PCNA expression was suppressed by TNF at 100 and 300

ng/ml vs control (p=0.002 and 0.0018, respectively) (Figure 5F).

Western blot analysis also showed that SOX9 and PCNA were

significantly decreased in the HCS-2/8 chondrocytic cell line treated

with TNF (p=0.0089 and 0.0126, respectively) (Figures 5G–I).
TNF suppressed TRAF2 in cultured human
growth plate cartilage

Since TRAF2 plays an important role in TNF-induced

inflammatory signaling, TRAF2 expression was measured in

human growth plate tissue specimens treated with TNF. Our data

showed that TNF suppressed TRAF2 expression by 70.1% vs
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control (p=0.0198) (Figures 5J, K and Supplementary Figure 2C).

When analyzing the two patients separately, a similar trend was

noticed in both patients (Figures 4D, H).
Treatment with humanin analog prevents
TNF-induced growth impairment in
cultured bones

To investigate whether humanin could be a therapeutic target to

prevent bone growth impairment caused by chronic inflammation,

cultured rat metatarsal bones were treated with TNF or the

humanin analog HNG, or in combination for 12 days. We

observed that TNF alone impaired bone growth (p<0.0001 vs

control), whereas co-treatment with HNG rescued bone growth

(p= 0.0436 vs TNF) (Figures 6A, B), confirming the therapeutic

effect of humanin.
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Discussion

We here report a novel direct link between chronic

inflammation and humanin regulation in children. Such link is

supported by our findings of decreased serum humanin levels in

IBD patients and suppressed humanin expression in ex vivo

cultured human growth plate tissues exposed to IBD serum or

TNF alone.

To our knowledge, there is no previous evidence supporting any

link between chronic inflammation and humanin regulation. To

address this gap of knowledge, we measured humanin levels in

serum samples from 40 IBD patients and 40 age and gender

matched healthy controls. Our data showed that humanin levels

were significantly decreased in children with IBD. Humanin is a

mitochondrial-derived polypeptide, first identified in survived

neuronal cells from Alzheimer disease patients (11). Under

physiological conditions, humanin is produced by various tissues
B C

A

FIGURE 1

Humanin levels were decreased in serum of IBD patients. (A) Graphical illustration (created with BioRender.com) of the experimental overview,
showing serum samples were obtained from children for ELISA analysis and human growth plate co-culture. (B) Humanin levels analyzed by using
ELISA in IBD patients (n=40) and healthy controls (n=40). Wilcoxon rank-sum test was used to analyze differences between groups. (C) Receiver
operating characteristic (ROC) curve for circulating humanin in IBD patients (n=40) and healthy controls (n=40).
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such as skeletal muscle, brain, and liver (17–19). After production, it

is circulated in the blood and plays a protective role in targeted cells

(11). In the cytoplasm, humanin is known to protect cells from

apoptosis by interacting with pro-apoptotic proteins (20). Similarly,

humanin can also interact with extracellular receptors such as G

protein-coupled formylpeptide receptor-like-1 to exert its cell-

protective effects (21). The kinetic half-life of humanin is 30

minutes in the plasma of mice and greater than 4 hours in rats

(22). Previous studies have reported that in multiple species

including human, circulating humanin levels gradually decrease

with age (13). In addition, systemic humanin levels are suppressed

in patients with Alzheimer’s disease and coronary endothelial

dysfunction (13, 23). The mechanism of how humanin is

decreased by chronic inflammation is still unclear. However, it

has been reported that when mitochondrial DNA copy number

decreased, humanin levels were also decreased (13). Interestingly,

inflammation is known to decrease the mitochondrial DNA copy

number (24). These observations may explain a possible link

between inflammation and humanin regulation.
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We have previously reported that humanin is expressed in the

growth plate and that humanin has the capacity to prevent

glucocorticoid-induced bone growth impairment (12).

Furthermore, glucocorticoids have been reported to suppress

humanin expression in the growth plate (12). However, so far it

has been unknown if chronic inflammation per se also may suppress

endogenous humanin produced within the growth plate.

Considering the protective roles of humanin in different diseases

reported earlier (17, 25, 26), we hypothesized that humanin might

be a novel biomarker of poor bone health in patients with chronic

inflammation. To investigate this, growth plate cartilage was

collected from children with constitutional tall stature undergoing

epiphyseal surgery performed to limit their further bone growth. A

unique human growth plate culture system (14) was then applied

which allowed tissue specimens to be exposed to serum obtained

from IBD patients or healthy controls. Interestingly, we found

suppressed humanin expression in growth plates exposed to IBD

serum suggesting a direct link between chronic inflammation and

local humanin regulation within the growth plates.
B C

A

FIGURE 2

Humanin levels were decreased in human growth plate exposed to IBD serum. (A) Graphical illustration (created with BioRender.com) of the
methods using to collect and culture human growth plate biopsies obtained from children undergoing epiphysiodesis surgeries. (B, C) Quantitative
analysis of humanin staining (yellow arrows), quantified as number of positive cells per mm² (n=4 pieces of biopsies, from 1 patient). Error bars
indicate mean ± SE. Students t-test was used to analyze differences between groups.
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In an attempt to clarify a possible underlying mechanism

behind inflammation-induced humanin suppression, we focused

on TNF, a key player in chronic inflammation triggering the release

of other pro-inflammatory cytokines such as IL-6 and IL-1beta (10).

Although TNF overexpression was recently reported by us to

suppress chondrocyte proliferation and chondrogenesis within the

mouse growth plate, any such effects have not yet been reported in

humans (27). In this study, we observed a strong inhibition of

humanin expression in human growth plates exposed to TNF for 48

hours. Further studies showed that the proliferation marker PCNA
Frontiers in Endocrinology 07
and the important controller of chondrocyte proliferation, SOX9,

were both markedly decreased in growth plates exposed to TNF.

Heterozygous mutations of SOX9 have been described in patients

with campomelic dysplasia, a skeletal dysplasia characterized by

bowed long bones and defects in cartilage formation (28).

Furthermore, several animal studies have demonstrated that

intact SOX9 is essential for proliferative chondrocyte columns

and keeping the growth plates open (29, 30). Consequently, our

data showing suppressed SOX9 in growth plates exposed to TNF

may explain why this pro-inflammatory cytokine exerts growth
B

C D

E

A

FIGURE 3

TNF suppressed humanin expression in human growth plate tissue specimens (n=6) obtained from 2 children or human chondrocytes. (A, B)
Quantitative analysis of humanin staining (yellow arrows), calculated as number of positive cells per mm². (C) Relative expression of humanin
assessed by qPCR in HCS-2/8 cell line treated for 72 hours with TNF at 10, 30,100, 300 ng/ml concentrations (n=3-4). (D) Quantification of humanin
expression by immunofluorescence in HCS-2/8 cells treated with TNF (100 ng/ml). (E) Representative images of humanin staining (red) in HCS-2/8
cells treated with TNF and untreated controls. Error bars indicate mean ± SE. Students t-test was used to analyze differences between groups.
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suppressive effects. Interestingly, we also found that TNF Receptor

Associated Factor 2 (TRAF2) was suppressed in human growth

plates exposed to TNF. These novel findings suggest a direct link

between chronic inflammation and humanin regulation, both

systemically and locally within human growth plates.

To validate the data collected from human growth plates, we

performed dose-response studies using the human chondrocytic

cell line HCS-2/8. The rationale to choose this cell line was that

HCS-2/8 cells resemble primary human chondrocytes and have

been widely used to study chondrocyte proliferation and

differentiation since established (31). As expected, the expressions

of humanin, SOX9, and PCNA in HCS-2/8 cells were suppressed

when exposed to TNF. These findings are in line with the data

collected in cultured human growth plates.

Since humanin was suppressed under chronic inflammation, we

next investigated whether exogenous treatment with humanin can

rescue from inflammation-induced bone growth impairment. In an

ex vivomodel of cultured bones where direct effects on bone growth

can be monitored (32), we found that humanin can effectively

protect from TNF-induced bone growth impairment. This

observation further implies a potential link between humanin and
Frontiers in Endocrinology 08
poor bone growth under chronic inflammation. The clinical

significance of our finding is underscored by the fact that existing

treatments are associated with various side effects. Biological drugs

such as etanercept (TNF-inhibitor) and anakinra (IL-1 receptor

antagonist) has been reported to cause infections and injection-site

reactions (33). Similarly, the long-term safety of recombinant

human growth hormone is associated with increased mortality in

certain patient groups and the cost of this therapy is also very high

(34). Therefore, new treatment strategies are highly desired to

prevent bone growth impairment caused by chronic

inflammation. Moreover, glucocorticoids (GCs) are also widely

used in the management of IBD and several attempts have been

made to reduce the toxicity of GCs (35–37). Interestingly, it has

been reported that the combination of the humanin analog HNG

with a GC does not interfere with the desired anti-inflammatory

effects of the GC (12, 38). Thus, it would be of great clinical interest

to further expand the scope of the present study regarding the

therapeutic effects of humanin.

There are several limitations of this study. Firstly, growth plate

cartilage was obtained from 2 children due to the rarity of these

samples. However, as these biopsies could been sectioned into
B C D

E F G H

A

FIGURE 4

Local effects of TNF on humanin, PCNA, SOX9 and TRAF2 expressions in growth plates tissue specimens (n=3) in patient 1 and patient 2 analyzed
separately. Quantitative analysis of (A, E) humanin staining, (B, F) PCNA staining, (C, G) SOX9 staining, and (D, H) TRAF2 staining. Error bars indicate
mean ± SE. Students t-test was used to analyze differences between groups.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1142310
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhao et al. 10.3389/fendo.2023.1142310
several slices being cultured and treated individually the number of

replicates could be increased. A second limitation was that we could

not perform dose-response studies, again due to the scarcity of

human growth plate tissues. Thirdly, the serum samples from IBD

patients in our study were obtained only at one time point,
Frontiers in Endocrinology 09
therefore, more detailed studies are required to reveal whether

circulating humanin could potentially act as a biomarker of poor

bone health in children with IBD. The last limitation was that we

did not explore the role of other pro-inflammatory cytokines than

TNF and it is therefore possible that other pathways may also be
B C

D E F

G H I

J K

A

FIGURE 5

TNF suppressed SOX9, PCNA and TRAF2 expressions in human growth plate tissue specimens (n=6) obtained from 2 children or human
chondrocytes. (A, B) Quantitative analysis of SOX9 staining (yellow arrows), calculated as number of positive cells per mm². (C) Relative expression of
SOX9 assessed by qPCR in HCS-2/8 cells treated for 72 hours with TNF at 10, 30, 100, 300 ng/ml concentrations (n=3). (D, E) Quantitative analysis
of PCNA staining (yellow arrows), calculated as number of positive cells per mm². (F) Relative expression of PCNA assessed by qPCR in HCS-2/8
cells treated for 72 hours with TNF at 10, 30, 100, 300 ng/ml concentrations (n=3). (G) Western blot analysis of SOX9 and PCNA expressions in HCS-
2/8 cells treated with TNF (100 ng/ml). (H, I) Quantification of SOX9 and PCNA expressions by three independent Western blot experiments. (J, K)
Quantitative analysis of TRAF2 staining (yellow arrows), calculated as number of positive cells per mm². Error bars indicate mean ± SE. Students t-
test was used to analyze differences between groups.
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involved in mediating the local effects of chronic inflammation on

humanin regulation.
Conclusion

We report that systemic humanin levels are decreased in IBD

children with poor bone health. Mechanistic studies in ex vivo
Frontiers in Endocrinology 10
cultured human growth plate cartilage and human chondrocytes

showed that serum from IBD patients or TNF alone suppressed

endogenous humanin expression. Furthermore, treatment with

the humanin analog HNG prevented growth retardation caused

by TNF in cultured bones. Altogether, our study provides

evidence of a link between chronic inflammation, bone health

and humanin regulation, which is a novel finding of potential

clinical significance.
B

A

FIGURE 6

Treatment with humanin analog HNG prevents TNF-induced growth impairment in cultured bones. (A) Microscopic image of ex vivo cultured fetal
rat metatarsal bones. (B) Ex vivo cultured fetal rat metatarsal bones treated with HNG (1 μM), TNF (100 ng/ml) or in combination for 12 days (n=12).
Bone length was measured on day 0, 2, 5, 7, 9 and 12. Error bars indicate mean ± SE. 2-way ANOVA was used to analyze differences between
groups. *p < 0.05 (TNF versus HNG+TNF), ***p < 0.001 (Control versus TNF).
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SUPPLEMENTARY FIGURE 1

Humanin levels were decreased in human growth plate tissue specimens

exposed to IBD serum and TNF. (A) Representative images of

immunohistochemistry for humanin (dark brown staining) in human growth
plate tissue specimens exposed to serum from IBD patients and healthy

controls. (B) Representative images of immunohistochemistry for humanin
(dark brown staining) in human growth plate tissue specimens treated with

TNF and untreated control. 10x magnification.

SUPPLEMENTARY FIGURE 2

TNF suppressed SOX9, PCNA and TRAF2 expressions in human growth plate
tissue specimens (n=6) obtained from 2 children or human chondrocytes.

(A–C) Representative images of immunohistochemistry for SOX9, PCNA and
TRAF2 (dark brown staining) in human growth plate tissue specimens treated

with TNF and untreated controls. 10x magnification.
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M, et al. Campomelic dysplasia and autosomal sex reversal caused by mutations in an
SRY-related gene. Nature (1994) 372(6506):525–30. doi: 10.1038/372525a0

29. Haseeb A, Kc R, Angelozzi M, de Charleroy C, Rux D, Tower RJ, et al. SOX9
keeps growth plates and articular cartilage healthy by inhibiting chondrocyte
dedifferentiation/osteoblastic redifferentiation. Proc Natl Acad Sci (2021) 118(8):
e2019152118. doi: 10.1073/pnas.2019152118

30. Dy P, Wang W, Bhattaram P, Wang Q, Wang L, Ballock RT, et al. Sox9 directs
hypertrophic maturation and blocks osteoblast differentiation of growth plate
chondrocytes. Dev Cell (2012) 22(3):597–609. doi: 10.1016/j.devcel.2011.12.024

31. Takigawa M, Tajima K, Pan HO, Enomoto M, Kinoshita A, Suzuki F, et al.
Establishment of a clonal human chondrosarcoma cell line with cartilage phenotypes.
Cancer Res (1989) 49(14):3996–4002.

32. Ramesh S, Zaman F, Madhuri V, Sävendahl L. Radial extracorporeal shock wave
treatment promotes bone growth and chondrogenesis in cultured fetal rat metatarsal bones.
Clin Orthop Relat Res (2020) 478(3):668–78. doi: 10.1097/CORR.0000000000001056

33. Scott LJ. Etanercept: A review of its use in autoimmune inflammatory diseases.
Drugs (2014) 74(12):1379–410. doi: 10.1007/s40265-014-0258-9

34. Sävendahl L, Cooke R, Tidblad A, Beckers D, Butler G, Cianfarani S, et al. Long-
term mortality after childhood growth hormone treatment: the SAGhE cohort study.
Lancet Diabetes Endocrinol (2020) 8(8):683–92. doi: 10.1016/S2213-8587(20)30163-7

35. Mushtaq I, Akhter Z, Farooq M, Jabeen F, Rehman AU, Rehman S, et al. A
unique amphiphilic triblock copolymer, nontoxic to human blood and potential
supramolecular drug delivery system for dexamethasone. Sci Rep (2021) 11(1):21507.
doi: 10.1038/s41598-021-00871-w

36. Owen HC, Miner JN, Ahmed SF, Farquharson C. The growth plate sparing
effects of the selective glucocorticoid receptor modulator, AL-438. Mol Cell Endocrinol
(2007) 264(1-2):164–70. doi: 10.1016/j.mce.2006.11.006

37. Heier CR, Damsker JM, Yu Q, Dillingham BC, Huynh T, van der Meulen JH,
et al. VBP15, a novel anti-inflammatory and membrane-stabilizer, improves muscular
dystrophy without side effects. EMBO Mol Med (2013) 5(10):1569–85. doi: 10.1002/
emmm.201302621

38. Celvin B, Zaman F, Aulin C, Sävendahl L. Humanin prevents undesired
apoptosis of chondrocytes without interfering with the anti-inflammatory effect of
dexamethasone in collagen-induced arthritis. Clin Exp Rheumatol (2020) 38(1):129–35.
frontiersin.org

https://doi.org/10.1136/annrheumdis-2013-204112
https://doi.org/10.1136/annrheumdis-2013-204112
https://doi.org/10.1073/pnas.101133498
https://doi.org/10.1096/fj.201801741R
https://doi.org/10.18632/aging.103534
https://doi.org/10.1016/j.toxlet.2013.10.020
https://doi.org/10.1210/en.2004-1152
https://doi.org/10.1016/j.toxlet.2013.10.020
https://doi.org/10.1152/ajprenal.00202.2019
https://doi.org/10.1016/j.bbrc.2020.03.128
https://doi.org/10.1002/iub.1869
https://doi.org/10.1038/nature01627
https://doi.org/10.4049/jimmunol.172.11.7078
https://doi.org/10.4049/jimmunol.172.11.7078
https://doi.org/10.1210/en.2012-2004
https://doi.org/10.1152/ajpheart.00765.2012
https://doi.org/10.1164/rccm.200701-161OC
https://doi.org/10.1111/1755-5922.12168
https://doi.org/10.1016/S0304-3940(02)00199-4
https://doi.org/10.1038/s41598-022-22734-8
https://doi.org/10.1038/372525a0
https://doi.org/10.1073/pnas.2019152118
https://doi.org/10.1016/j.devcel.2011.12.024
https://doi.org/10.1097/CORR.0000000000001056
https://doi.org/10.1007/s40265-014-0258-9
https://doi.org/10.1016/S2213-8587(20)30163-7
https://doi.org/10.1038/s41598-021-00871-w
https://doi.org/10.1016/j.mce.2006.11.006
https://doi.org/10.1002/emmm.201302621
https://doi.org/10.1002/emmm.201302621
https://doi.org/10.3389/fendo.2023.1142310
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	A novel link between chronic inflammation and humanin regulation in children
	Introduction
	Materials and methods
	Serum collection from IBD patients and controls
	Serum humanin ELISA
	Collection and culture of human growth plate tissues
	Immunohistochemistry and quantification
	Bone growth analysis in cultured bones
	Cell culture
	RNA extraction and quantitative real-time PCR
	Western blot analysis
	Immunofluorescence
	Statistical analysis

	Results
	Decreased humanin levels in serum from IBD patients
	Decreased humanin expression in human growth plate cartilage exposed to IBD serum
	TNF suppressed humanin expression in cultured human growth plate cartilage and chondrocytes
	TNF suppressed SOX9 and PCNA in cultured human growth plate cartilage and chondrocytes
	TNF suppressed TRAF2 in cultured human growth plate cartilage
	Treatment with humanin analog prevents TNF-induced growth impairment in cultured bones

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


