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3.5. Effect of Stretch on AMPK Expression and Phosphorylation 

As data acquired until this point indicate that the insulin pathway is stimulated at 

Akt, potential intersecting signaling pathways were considered. Of greatest interest was 

AMPK, which is a known activator of Akt and an insulin sensitizer. AMPK is understood 

to increase GLUT4 translocation independently of insulin (Mackenzie and Elliott, 2014). 

Interestingly, results show that total and phosphorylated AMPK (pAMPK, Thr172) 

expression levels were increased by mechanical stretch, but only pAMPK levels 

significantly (Figures 3-11 and 3-12). Stretch led to an increase in pAMPK and total 

AMPK expression by a factor of 2.918 ± 0.7647 (p<0.1) and 2.674 ± 1.409, respectively. 

Relative AMPK phosphorylation showed an increasing trend but remained unchanged 

due to stretch (Figure 3-13). 

 

 

 

 

 

 

Figure 3-11. Representative blot for pAMPK expression (left), and the quantification of the western blot 
intensities of pAMPK (right). Stretch led to an increase in expression by a factor of 2.918 ± 0.7647 

(p=0.06617) relative to control. Results are normalized to GAPDH and then displayed as relative to the 
unstretched control. Comparison with control is shown at *p<0.1.  
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Figure 3-12. Representative blot for total AMPK expression (left), and the quantification of the western 

blot intensities of AMPK (right). Stretch led to an increase in expression by a factor of 2.674 ± 1.409 
(p=0.3004) relative to control. Results are normalized to GAPDH and then displayed as relative to the 

unstretched control.  
  
 
 

 
Figure 3-13. Ratio of phosphorylated AMPK (pAMPK) to total AMPK shows an increasing 

trend but remains statistically unchanged by stretch. Results are normalized to GAPDH and then displayed 
as relative to the unstretched control. 
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AMPK has been shown to play an important role in adipokine signaling. Leptin, 

adiponectin, and resistin all actuate their sensitizing or desensitizing effects via AMPK, 

thus making adipokines likely upstream candidates for stretch-induced Akt upregulation 

and phosphorylation.  

Several of the adipokines discussed in the Introduction act through AMPK, by 

either activating or deactivating it. Adiponectin is widely recognized as positively 

associated with insulin sensitivity, acting via AMPK activation The insulin-sensitizing 

effect of thiazolidinedione (TZD), one of the anti-diabetic agents that promotes glucose 

homeostasis without increasing insulin release, was diminished in diabetic obese mice by 

a targeted mutation in the adiponectin gene, thus indicating that adiponectin may play a 

vital role in peroxisome proliferator-activated receptor γ (PPARγ)-mediated insulin 

sensitization (Berg et al., 2001; Hardie et al., 1998). Ligand-activated PPARγ 

heterodimerizes with the retinoid X receptor and regulates transcription of proteins, like 

SREBP-1, by binding to specific PPARγ-responsive elements within the promoters of 

target genes via regulatory mechanisms that involve AMPK. This process is thought to 

eventually result in increased fatty acid oxidation, which may in turn divert the flux of 

free fatty acids from the muscle and liver to the adipose tissue (Hardie et al., 1998; 

Nawrocki et al., 2006). Leptin, in addition to a wide range of metabolic effects, also 

stimulates fatty acid oxidation via AMPK activation which leads to the inhibition of 

acetyl coenzyme A carboxylase (ACC) (Minokoshi et al., 2002). In Muse et al. (2004), 

resistin was found to adjust flux through G6Pase by regulating AMPK phosphorylation in 

the liver, indicating a possible overlap in the mechanism of hormones such as adiponectin 
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and leptin (described above). In this study, resistin was shown to cause a decrease in 

AMPK phosphorylation, and thus the rate of gluconeogenesis, in mice. Moreover, Zhou 

et al. (2007) reported significant decreases in the phosphorylation of Akt and GSK3, key 

effectors of the insulin signaling pathway, in human liver cells that were induced with 

resistin in a dose-dependent manner.  

Our data indicate an increase in AMPK phosphorylation under mechanical 

stretch, implying the involvement of adipokines. We propose a potential mechanism by 

which cyclic mechanical stretch regulates insulin sensitivity via adipokine-mediated Akt 

and AMPK activation (Figure 3-14). Cyclic stretch induces the secretion of insulin-

sensitizing adipokines such as leptin or adiponectin, which in turn activate Akt and 

AMPK intermediates of the insulin signaling cascade. This, in turn, leads to downstream 

inhibition of lipogenesis, increased fatty acid oxidation, and GLUT4 translocation to the 

plasma membrane. This model provides a new mechanism for understanding the 

mechanical control of adipocytic insulin signaling, and may provide insight into new 

therapeutic targets to treat metabolic disorders such as Type 2-DM.
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Figure 3-14. A proposed mechanism by which cyclic stretch regulates insulin signaling in adipocytes. 
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CHAPTER 4: CONCLUSIONS AND NEXT  
STEPS 

In this study, we further supported the concept that adipocytes are 

mechanosensitive by showing that mechanical stretch loading of adipocytes regulates 

their insulin signaling. Equibiaxial cyclic stretch loading increased total Akt and pAkt 

levels, indicating that stretch, via some mechanism, activates the insulin signaling 

pathway. This effect appeared to have a strain level dependence. Interestingly, pAMPK 

expression was also increased, providing a potential intersecting pathway activated by 

stretch. Considering that adipocyte-secreted hormones, or adipokines, like adiponectin 

and leptin regulate lipid and glucose metabolism via AMPK, we suggested that the 

mechanism by which cyclic mechanical stretch activates the insulin signaling pathway is 

by increasing the secretion of insulin-sensitizing adipokines which activate Akt via 

AMPK, thus improving overall tissue insulin sensitivity and insulin-stimulated glucose 

uptake. 

Obtained data will form a solid basis for a future study on adipocyte 

mechanobiology and insulin signaling for Type-2 DM. The future study can be dedicated 

to test more stretch regimens to fully investigate the physiological loading parameters 

relevant to the adipose tissue. The strain dependency of Akt phosphorylation should be 

tested with more experiments. Also, optimizing load duration and frequency, in addition 

to determining the effect of the incorporation of a refractory period, may help identify 

conditions to ensure the maximum biological response due to the applied mechanical 

regimen. Furthermore, the effect of static tensile stretch on insulin signaling can be 

investigated; it is hypothesized that, based on previous research, static stretch may have 
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an opposite biological effect to that caused by cyclic stretch. The expression of additional 

genes should be evaluated, particularly those downstream of Akt involved in lipid and 

glucose metabolism. The effect of stretch on GLUT4 translocation to the plasma 

membrane can also be established. Finally, the effect of stretch on adipokine secretion, 

specifically those discussed previously that are known to regulate insulin sensitivity (such 

as adiponectin and leptin), can be determined to reveal the missing link between 

adipocyte mechanobiology and insulin signaling for Type-2 DM. If stretch does indeed 

affect the secretion of adipokines, adipocyte-conditioned medium (stretch vs. no stretch) 

can be obtained and given to insulin-responsive cells or tissues such as muscle to test 

paracrine signaling effects. If stretch-conditioned media from adipocytes improve the 

insulin sensitivity and glucose uptake of the treated tissue, then it can be concluded that 

stretch, via altering adipokines secretion from adipose tissue, may improve the insulin 

sensitivity of local (within adipose) and peripheral tissues and even other tissues though 

an endocrine effect.  

Understanding the exact molecular mechanosensing mechanism by which stretch 

induces its effect on this pathway, whether it is through ROCK or FAK, can provide 

immense knowledge in the growing field of adipocyte mechanotransduction. 

Pharmacological or genetic knockout or overexpression of such mechanosensors or their 

associated factors can be performed, and whether or not the biological effect of stretch is 

mitigated or further stimulated will provide new mechanistic information on stretch-

mediated activation of insulin signaling. With this information, new molecular targets can 

be discovered and new therapies can be developed to help treat obesity-related metabolic 

disorders like Type-2 DM.  
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