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Figure 4. hMSC morphology and mineralization following exposure to IL-6 and heat. The cultured MSCs 

exhibited typical fibroblastic morphology in normal growth media compared to the distinct morphology in 

osteogenic media (OS). Images from high-dose groups are shown. 
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was higher than the control (p < 0.0184) in both osteogenic and normal growth media 

regardless of heat. ALP values of MSCs cultured with IL-6 (both high and low doses) 

were higher compared to controls in all conditions (p < 0.0152), but were statistically 

identical to each other. 

 
Figure 8. Colormetric assay for alkaline phosphatase measured at 6 days. A) MSCs exposed to IL-6 

incubated at 37°C, B) MSCs exposed to IL-6 and heat shocked, C) MSCs exposed to TNF-α incubated 

at 37°C, D) MSCs exposed to TNF-α and heat shocked. Error bars denote standard deviation. 

 

Alkaline phosphatase activity was still higher in osteogenic cultures compared to 

normal growth media at Day 12 (Fig. 9). ALP activity by MSCs cultured in osteogenic 

media and exposed to low-dose TNF-α increased following heat shock (p < 0.0167). All 

other conditions remained statistically unchanged after heat shock. ALP activity by MSCs 

exposed to high-dose TNF-α was significantly higher than the low-dose and the control in 

both osteogenic and normal growth media regardless of heat (p < 0.0071), but ALP 

activity in low-dose cultures were statistically identical to controls. ALP values of MSCs 

cultured with IL-6 (both high and low doses) were higher compared to controls in all 



25 

 

conditions (p < 0.0485), but there was no difference in ALP activity between low and 

high-dose cultures. 

Figure 10 depicts the same data as a function of time. ALP activity significantly 

increased in MSCs cultured in growth media from 6 to 12 days regardless of heat (p < 

0.0013). Activity decreases in MSCs cultured in osteogenic medium from 6 to 12 days 

also regardless of heat (p < 0.0214), the only exception being the heated osteogenic 

control group (p = 0.0509).  

 
Figure 9. Colormetric assay for alkaline phosphatase measured at 12 days. A) MSCs exposed to 

IL-6 incubated at 37°C, B) MSCs exposed to IL-6 and heat shocked, C) MSCs exposed to TNF-α 

incubated at 37°C, D) MSCs exposed to TNF-α and heat shocked. Error bars denote standard 

deviation. 
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Figure 10. Colormetric assay for alkaline phosphatase measured at 6 and 12 days. A) MSCs 

cultured in normal growth media at 37°C, B) MSCs cultured in growth media and heat shocked, 

C) MSCs cultured in osteogenic media at 37°C, D) MSCs cultured in osteogenic media and heat 

shocked. Error bars denote standard deviation. 

 

After normalizing the ALP data to DNA content, ALP activity in MSCs cultured in 

osteogenic media remain higher than those cultured in normal growth media at Day 6; 

however, ALP activity significantly decreases in all conditions following heat shock (p < 

0.0168) (Fig. 11). ALP activity in MSCs exposed to high-dose TNF-α was significantly 

higher than low-dose (p < 0.0071) which in turn was higher than the control (p < 0.001) 

in both osteogenic and normal growth media regardless of heat. ALP values of MSCs 

cultured with low-dose IL-6 were higher compared to controls in all conditions (p < 

0.0387), but there was no difference in ALP activity between low and high-dose cultures 

except for the osteogenic control (no heat) where high-dose values were lower than low-

dose values (p = 0.0057). 
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Figure 11. Colormetric assay for alkaline phosphatase measured at 6 days, normalized to DNA 

content. A) MSCs exposed to IL-6 incubated at 37°C, B) MSCs exposed to IL-6 and heat shocked, 

C) MSCs exposed to TNF-α incubated at 37°C, D) MSCs exposed to TNF-α and heat shocked. 

Error bars denote standard deviation. 

 

At Day 12, after normalizing the data to DNA content, the effects of heat shock are 

relatively marginal (Fig. 12). ALP activity in MSCs cultured in osteogenic media is again 

higher than those cultured in normal growth media. There is a slight increase in ALP 

activity found to be statistically significant (p < 0.0248) in the low-dose TNF-α group 

following heat shock in both osteogenic and normal growth media. In contrast, there is a 

slight decrease in ALP activity in the low-dose IL-6 group in normal growth media 

following heat shock (p = 0.0165). There is also a slight decrease in ALP activity in the 

osteogenic control group following heat shock (p = 0.0165). ALP activity by MSCs 

exposed to high-dose TNF-α was significantly higher than low-dose (p < 0.0411) which 

in turn was higher than the control (p < 0.0021) in both osteogenic and normal growth 

media regardless of heat. ALP values of MSCs cultured with IL-6 (both low and high-

dose) were higher compared to controls in osteogenic media (p < 0.0256), but there was 
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no difference in ALP activity between low and high-dose IL-6 groups in either media. 

 
Figure 12. Colormetric assay for alkaline phosphatase measured at 12 days, normalized to DNA 

content. A) MSCs exposed to IL-6 incubated at 37°C, B) MSCs exposed to IL-6 and heat shocked, 

C) MSCs exposed to TNF-α incubated at 37°C, D) MSCs exposed to TNF-α and heat shocked. 

Error bars denote standard deviation. 

 

Rearranging the normalized data as a function of time, ALP activity was shown to 

have significantly increased in IL-6 and control groups in normal growth media from 6 to 

12 days (p < 0.0011) while there was no statistically significant difference in the TNF-α 

groups during the same time (Fig. 13A). Following heat shock, all growth media groups 

had significantly increased ALP activity (p < 0.0019). There was a significant decrease in 

ALP activity in all MSCs cultured in osteogenic media from 6 to 12 days (p < 0.0019), 

though the values were significantly lower following heat shock at Day 6. 
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Figure 13. Colormetric assay for alkaline phosphatase measured at 6 and 12 days, normalized to 

DNA content. A) MSCs cultured in normal growth media at 37°C, B) MSCs cultured in growth 

media and heat shocked, C) MSCs cultured in osteogenic media at 37°C, D) MSCs cultured in 

osteogenic media and heat shocked. Error bars denote standard deviation. 

 

6. Calcium Deposition 

 

Calcium deposition was used as an indicator of late stage osteogenesis and maturation 

of osteoblasts differentiated from MSCs. As shown in Figure 14, calcium deposition in 

the osteogenic group was higher than the control group after 19 days in all culture 

conditions. However, there is a significant decrease in calcium in both the control groups 

(p < 0.044) and the low-dose TNF-α group (p < 0.0232) following heat treatment (Fig. 

14B, 14D). Calcium deposition was higher in MSCs exposed to low and high-dose TNF-

α compared to controls in osteogenic media (p < 0.0404), but statistically indifferent 

between the two. Calcium was also found to be significantly higher in the high-dose 

TNF-α group compared to controls and the low-dose cultures in normal growth media (p 

< 0.0255) (Fig. 14C, 14D). 
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Figure 14. Colormetric assay for calcium measured at 19 days. A) MSCs exposed to IL-6 incubated at 

37°C, B) MSCs exposed to IL-6 and heat shocked, C) MSCs exposed to TNF-α incubated at 37°C, D) 

MSCs exposed to TNF-α and heat shocked. Error bars denote standard deviation. 

 

At Day 28, calcium deposition in the osteogenic group was again higher than the 

control group (Fig. 15). Calcium was lower in the high-dose TNF-α group in osteogenic 

media following heat shock (p = 0.0007) (Fig. 15D), but there was no statistical 

difference in calcium content in all other conditions following heat shock. On the other 

hand, calcium was higher in the high-dose TNF-α osteogenic culture at 37°C compared to 

control (no cytokines) (p = 0.0289) (Fig. 15C). In the IL-6 group, calcium was lower in 

the high-dose heated osteogenic condition compared to heated control (p = 0.0041) (Fig. 

15B). 
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Figure 15. Colormetric assay for calcium measured at 28 days. A) MSCs exposed to IL-6 incubated at 

37°C, B) MSCs exposed to IL-6 and heat shocked, C) MSCs exposed to TNF-α incubated at 37°C, D) 

MSCs exposed to TNF-α and heat shocked. Error bars denote standard deviation. 

 

Figure 16 depicts the same data as a function of time. Calcium content significantly 

decreased from 19 to 28 days in normal growth media (p < 0.0102) (Fig. 16A, 16B). 

There was no significant change in the low-dose TNF-α group in normal growth media 

during that time. Calcium deposition was much higher in all osteogenic groups, 

regardless of exposure to cytokines (p < 0.0023) (Fig. 16C, 16D). 
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Figure 16. Colormetric assay for calcium measured at 19 and 28 days. A) MSCs cultured in normal 

growth media at 37°C, B) MSCs cultured in growth media and heat shocked, C) MSCs cultured in 

osteogenic media at 37°C, D) MSCs cultured in osteogenic media and heat shocked. Error bars denote 

standard deviation. 

 

After normalizing the calcium data to DNA content, calcium deposition remains 

significantly higher in the osteogenic groups compared to normal growth media at Day 

19. There is a significant decrease in calcium in the control groups as well as the low 

dose TNF-α group in normal growth media following heat shock (p < 0.0239) (Fig. 17B, 

13D). Calcium deposition by MSCs exposed to high-dose TNF-α was significantly higher 

than low-dose (p < 0.0003) which was lower than the control (p < 0.0089) in normal 

growth media regardless of heat. Additionally, calcium deposition of MSCs exposed to 

low-dose TNF-α were statistically significantly higher compared to controls in osteogenic 

media regardless of heat (p < 0.0292) (Fig. 17C, 17D). 
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Figure 17. Colormetric assay for calcium measured at 19 days, normalized to DNA content. A) MSCs 

exposed to IL-6 incubated at 37°C, B) MSCs exposed to IL-6 and heat shocked, C) MSCs exposed to 

TNF-α incubated at 37°C, D) MSCs exposed to TNF-α and heat shocked. Error bars denote standard 

deviation. 

 

Calcium precipitation normalized to DNA at Day 28 was again much higher in the 

osteogenic groups. There was a significant increase in calcium deposition in both the 

control and IL-6 groups in osteogenic medium following heat shock (p < 0.0231) (Fig. 

18B). In contrast, there was a significant decrease in calcium in the TNF-α group in 

osteogenic medium following heat shock (p < 0.0026) (Fig. 18D). There was no 

statistically significant difference in calcium content between MSCs cultured in growth 

media following heat shock with the exception of a decrease in high-dose TNF-α (p = 

0.0343) (Fig. 18D). Calcium deposition was also significantly higher in MSCs cultured 

with TNF-α (both high and low-dose) in osteogenic media at 37°C (Fig. 18C). 



34 

 

 
Figure 18. Colormetric assay for calcium measured at 28 days, normalized to DNA content. A) MSCs 

exposed to IL-6 incubated at 37°C, B) MSCs exposed to IL-6 and heat shocked, C) MSCs exposed to 

TNF-α incubated at 37°C, D) MSCs exposed to TNF-α and heat shocked. Error bars denote standard 

deviation. 

 

Figure 19 depicts the calcium data normalized to DNA as a function of time. Calcium 

significantly decreased from 19 to 28 days in all growth media groups (p < 0.0166) with 

the exception of MSCs exposed to low-dose TNF-α, which showed no significant 

difference in calcium deposition (Fig. 19A). Calcium deposition significantly increased 

from 19 to 28 days in all osteogenic conditions (p < 0.0031).  
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Figure 19. Colormetric assay for calcium measured at 19 and 28 days, normalized to DNA content. A) 

MSCs cultured in normal growth media at 37°C, B) MSCs cultured in growth media and heat shocked, 

C) MSCs cultured in osteogenic media at 37°C, D) MSCs cultured in osteogenic media and heat 

shocked. Error bars denote standard deviation. 
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IV. SUMMARY, DISCUSSION, AND FUTURE STUDIES 

 

 The supplementation of growth media with dexamethasone, beta-

glycerophosphate, and ascorbic acid to promote the osteogenesis of MSCs is well-

established
54

. The effects of periodic heat shock (39°C for 1 hour once per week) on 

osteogenic differentiation of hMSCs during inflammation are herein investigated. In-

house isolated hMSCs in osteogenic media formed mineralized aggregates by Day 12 in 

2D culture (Figs. 4, 5, 6, 7). The effect was more pronounced among cells exposed to 

TNF-α and heat. Mild heat shock was able to induce proliferation and significantly 

mitigate the effects of TNF-α in the early days of differentiation (Fig. 3). Intracellular 

ALP activity appears to significantly decrease in all conditions following heat shock at 

Day 6 of the study (Fig. 11) and was mostly unaffected by heat shock at Day 12 (Fig. 12). 

There was a significant dose-dependent response to TNF-α, however, increasing in 

proportion to concentration (Figs. 8, 9, 11, 12). Changes in calcium content varied over 

time and culture condition. Overall, calcium deposition was higher in osteogenic cultures. 

Heat appeared to have minimal effect at Day 19 (Fig. 17). At Day 28, calcium increased 

in the IL-6 group, but decreased in the TNF-α group compared to controls (Fig. 18). Still, 

calcium deposition increased from 19 to 28 days in osteogenic media, but decreased in 

growth media over the same period (Fig. 19). 

It has previously been demonstrated that ALP activity, as well as calcium 

deposition, in hMSCs is upregulated linearly with temperature
48

. ALP expression is a 

dynamic process and its activity usually peaks between Day 9 and Day 12 during 

osteogenesis, varying from donor to donor
54

. According to Shui et al., heat shock 

expedites differentiation by shifting peak ALP activity earlier in the culture than 
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normal
48

. Our findings show that intracellular ALP activity decreases with mild heating at 

Day 6 (Fig. 11), contradictory to the established characteristics of intracellular ALP 

activity in hMSCs. ALP activity was also shown to decrease in osteogenic conditions 

from 6 to 12 days (Fig. 13), which may be a result of a shift in peak ALP activity closer 

to Day 6 making ALP activity appear to decline from Days 6 to 12. ALP activity was also 

shown to be sensitive to TNF-α, increasing linearly with concentration (Figs. 11, 12). 

This data is validated by a previous study demonstrating that TNF-α upregulates ALP 

activity and mineralization in hMSCs
51

. 

Heat shock did induce earlier mineralization according to phase contrast images 

(Figs. 4, 5). Because mineralization is a sign of osteogenic differentiation, these results 

may have significance for bone regeneration in vivo. But it is important to note that 

mineralization is not always a sign of osteogenic differentiation. Mineralization was 

found to be higher around MSCs cultured with TNF-α (Fig. 5), a known inhibitor of 

osteogenic differentiation
55

. Interestingly, ECM mineralization can occur as a result of 

coexpression of Type I collagen and the enzyme TNAP, which can be upregulated by 

inflammatory cytokines
51,56

. This seems a likely explanation for our findings.  

Calcium assays performed on Days 19 and 28 yielded mixed results. Calcium 

deposition by MSCs decreased or remained unchanged at Day 19 following heat shock 

(Fig. 17). At Day 28, heat appears to increase calcium deposition in both controls and 

cultures containing IL-6, but inhibits deposition in cultures containing TNF-α (Fig. 18). 

As mentioned previously, calcium content has been known to increase in proportion to 

mild heating
48

, contradicting our findings. TNF-α is known to inhibit osteogenic 

differentiation and induce osteoblastic resorption, yet at Day 28, osteogenic cultures with 
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TNF-α appear to have significantly more calcium compared to controls at 37°C (Fig. 

18C). This may also be explained by the co-expression of Type I collagen and TNAP. 

Von Kossa staining, often used to visualize mineralization, was significantly 

darker in osteogenic cultures at Day 28 (Figs. 6 and 7), all of which showed significant 

mineralization according to phase contrast images (Figs. 4 and 5) and calcium assays 

(Fig. 15). Interestingly, von Kossa stains were noticeably darker after 28 days in two 

unique conditions: MSCs cultured in normal growth media with 20ng/mL IL-6 at 37°C 

and MSCs cultured in normal growth media with 1ng/mL TNF-α and heat shocked. These 

results are notable since none of the other von Kossa stains of MSCs in normal growth 

milieu displayed this degree of intensity. The results suggest heat inhibits mineral 

deposition in MSCs cultured with high-dose IL-6 but promotes deposition in high-dose 

TNF-α. However, it is important to note that, contrary to popular belief, the von Kossa 

stain (silver nitrate) does not react with calcium but instead reacts with phosphate in the 

presence of acidic material and therefore does not indicate the presence of calcium or 

hydroxyapatite
57

. 

Effects of mild hyperthermia on growth and proliferation during inflammation 

were also studied. Heat generally appears to be more influential early in the culture than 

later. Hyperthermia induced proliferation of MSCs in all culture conditions at Day 6, but 

only control cultures were affected similarly at Day 12 (Fig. 3). By Day 28, proliferation 

had significantly declined despite periodic heating. TNF-α significantly inhibits growth at 

Days 6 and 12, which is consistent with what is known about the apoptotic effects of 

TNF-α on MSCs
58

, but heat appears to mitigate this effect evidenced by higher DNA 

content following heat shock at Day 6 (Figs. 1B and 1D). Overall, heat appears to inhibit 
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cytokine-induced apoptosis during the early days of differentiation and promote 

proliferation, potentially having a significant impact on future in vivo applications. 

 Future investigations will involve how we can translate our findings to develop a 

practical heat-based therapy to be used in vivo. Hyperthermia is commonly applied to the 

rehabilitation of musculoskeletal disorders, and our results suggest that it has potential to 

mitigate inflammation and regenerate bone tissue. To effectively perform thermotherapy 

on subchondral bone and the overlying articular cartilage, it is necessary to determine the 

optimal intensity, duration, and interval of heat stimulation in humans. Hence, the effects 

of varying heat conditions on the growth and differentiation of hMSCs during 

inflammation must be studied.  

 Further contributing to the development of a thermotherapy for OA would be an 

investigation into the effects of thermal pretreatment on hMSCs in vitro. Heat is often 

used in preparation for open-heart surgery to upregulate chaperone proteins which 

increases tolerance of the tissue to endangering situations during surgery such as 

ischemia and hypoxia
59

. Exposing hMSCs to mild heating before simulating 

inflammation by supplementing growth media with pro-inflammatory cytokines may 

upregulate similar chaperone proteins and help protect cells from the inhibitory effect of 

the cytokines. The role of heat shock proteins during differentiation under mild heating 

should also be studied by utilizing siRNAs/shRNAs to silence expression of HSP70. 

 Lastly, our findings and those that came in previous studies necessitate the 

development of a heat treatment delivery system mostly likely in the form of ultrasound. 

It has already been shown that ultrasound promotes bone regeneration
60

. Ultrasound is 

said to have anti-inflammatory properties and slow disease progression. Inflammation is a 
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normal part of healing, but excessive, chronic inflammation is an issue. Uncontrolled 

inflammation can delay healing
61

. Hashish et al show that ultrasound given in low doses 

immediately after trauma lessens inflammation
62

, making ultrasound a promising 

technology for future treatments needed suppresses inflammatory signals during 

regeneration. 

Ultrasound is known to mimic the effect of mechanical loading on bone 

formation
64

. The effects of loading plus ultrasound were not significantly different from 

ultrasound alone. Ultrasound is able to induce changes in bone that share at least some 

features with mechanical loading, indicating that ultrasound exerts a similar influence on 

bone as mechanical stimulation at a physiological level. 

 Additionally, MSCs can be induced to undergo chondrogenesis. Though we chose 

to focus on an osteocentric model of OA in this study, a future thermotherapy design must 

also be effective at regenerating articular cartilage. It is believed MSC differentiation is at 

least in part mechanically regulated, and that the same signals used to optimize construct 

growth may induce lineage-specific differentiation. Ultrasound may also induce 

upregulation of aggrecan promoters, both structural components of cartilage. Aggrecan 

promoter activity increased with increasing duration of loading in chondrocyte-laden 

constructs. Aggrecan transcriptional activity increased after loading was applied to MSC-

laden constructs
64

. Physiological contact between two articulating layers of hyaline 

cartilage generates mechanical signals within the tissue that act directly or indirectly on 

the chondrocytes embedded within. Rapid dynamic unconfined compression increased 

proteoglycan synthesis. Dynamic shearing of cartilage explants, which creates 

deformation with little associated flow, increased collagen and proteoglycan synthesis 
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uniformly
65

. 

In summary, we studied the effects of heat shock on hMSC differentiation while 

simulating inflammation in OA using IL-6 and TNF-α. Our results showed that periodic 

mild heating induced proliferation of hMSCs and inhibited TNF-α-induced apoptosis. 

ALP activity and calcium deposition were consistently higher in osteogenic cultures than 

in normal growth media, but the effect of heat on these markers for osteogenesis was 

mixed. The study will be repeated to confirm results, but the data presented here may 

have a significant impact on the development of a therapeutic protocol for OA. 

Hyperthermia represents a less invasive and simple therapy for clinical joint repairs, and 

is thus a promising approach in bone and cartilage tissue engineering. 
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VI. APPENDIX 

 

1.   Protocol for DNA Quantitation 

 

1. Aspirate media and gently wash cells twice with 1X PBS. 

2. Add 600µL of lysis buffer (0.5% Triton-X 100 in molecular grade ddH20) to each 

well, then scrape the cells off the surface using the end of a pipette tip. 

3. Transfer lysates to centrifuge tubes. Take 300µL of each lysate and transfer them 

to a new set of tubes. Store everything in -20°C. 

4. Thaw the second set of tubes, leaving the originals as backup. Add 75µL of 

13.22mg/mL pepsin in 0.05N acetic acid to each lysate. Incubate at 2-8°C for 24 

hours. 

5. Add 75µL of pH=8.0 Tris buffer to each lysate to neutralize pepsin. 

6. Centrifuge lysates at 0.1rcf for 5 minutes to pellet cell debris. 

7. In triplicate, add 20µL of supernatant to a 96-well plate with 80μL of 1X TE 

buffer diluted from the stock TE buffer provided in the Quant-iT™ PicoGreen ® 

dsDNA Reagent kit. 

8. Prepare a standard curve on the well plate by mixing the provided 2µg/mL DNA 

standard with 1X TE buffer at the following concentrations: 5ng/mL, 40ng/mL, 

100ng/mL, 250ng/mL, 500ng/mL, 1000ng/mL. Use 1X TE buffer as blank. 

9. Prepare the fluorescent dye solution by diluting the provided dye 200 times with 

1X TE buffer. Keep away from light. 

10. Add 100µL of the dye solution to each well. Incubate away from light for 10 

minutes. 

11. Read the plate at excitation wavelength of 480nm and emission of 520nm. 
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2.   Protocol for ALP Activity Quantitation 

1. Aspirate media and gently wash cells twice with 1X PBS. 

2. Add 600µL of lysis buffer (0.5% Triton-X 100 in molecular grade ddH2O) to each 

well, then scrape the cells off the surface using the end of a pipette tip. 

3. Transfer lysates to centrifuge tubes. Prepare 15mL conical tubes equal to the 

number of lysates. 

4. Dissolve the contents of a 40mg capsule of Phosphatase Substrate in 10mL 

ddH2O. Scale up if necessary. 

5. Add 500µL of 1.5M Alkaline Buffer solution to each tube. Add 500µL of 

Phosphatase Substrate solution into each tube. Keep tubes in 37°C water bath. 

6. Vortex samples and add 100µL of each lysate to 15mL tubes in 30 second 

intervals. Fifteen minutes after the first sample was added, add 1mL of 1N NaOH 

to each tube in 30 second intervals removing tubes from water bath along the way. 

This way, the reaction takes place for 15 minutes at 37°C for each tube.  

7. Prepare standard curve according to the following chart: 

Standard Diluted p-

nitrophenol solution 

(mL) 

0.02N NaOH (mL) Phosphatase Activity 

(Sigma Units/mL) 

1 0 300µL in well 0 

2 1 10 1 

3 2 9 2 

4 4 7 4 

5 6 5 6 

6 8 3 8 

7 10 1 10 

 

8. Add 300uL of standards and samples in triplicate to a 96-well plate. 

9. Measure the absorbance using excitation filter of 405nm. 


