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Abstract

:

Trans-ferulic acid-4-β-glucoside (C16H20O9, TFA-4β-G) is a monomer extracted from the Chinese medicine called radix aconiti carmichaeli (Fuzi). To date, research on this substance is lacking. Here, we found that trans-ferulic acid-4-β-glucoside effectively promoted cold acclimatization in mice via increased heat production and alleviation of oxidative stress in a cold environment. Thus, our work indicates that ferulic acid-4-β-glucoside is a potential therapeutic candidate for prevention and treatment of cold stress injury.
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1. Introduction


When exposed to a cold environment, the body activates metabolic organs through a series of different metabolic pathways to increase heat production and reduce heat loss, thus maintaining a relatively constant temperature and protecting the cells from cold stress injury. Generally, short-term cold exposure firstly induces skeletal muscle tremors to increase energy expenditure. By shivering, heat production can increase by five times compared with the baseline level [1,2]. Besides shivering thermogenesis, non-shivering thermogenesis (NST) is essential for increasing energy expenditure, especially during long-term cold exposure. Non-shivering thermogenesis causes higher energy expenditure mediated by burning brown adipose tissue and increasing mitochondrial uncoupled protein 1 (UCP1), gluconeogenesis, glycogen consumption in liver, and so on [3]. Furthermore, white adipose tissue stores triglycerides in the form of large fat droplets to increase energy storage. Conversely, with a multi-lacunar vesicle structure, brown adipose tissue has many more mitochondria and highly expresses UCP1 protein, thus uncoupling the oxidative phosphorylation pathway to interrupt ATP synthesis and releasing a large amount of energy to produce heat [4,5]. Moreover, liver—one of the most important organs in the human body—is largely involved in the metabolic process. Hepatic glucose production accounts for 90% of the endogenous glucose production [6], which is critically important to maintain the balance of glucose metabolism. Gluconeogenesis is a process that contributes to maintaining blood glucose homeostasis: the liver transforms glycerol, glycogenic amino acid, and other non-glucose substances into glucose, and this process is closely related to liver lipolysis [7].



Prolonged or intermittent repeated exposure to low temperatures enhances the body’s ability to acclimate to cold, meaning that the proportion of shivering thermogenesis decreases, while the proportion of non-shivering thermogenesis increases [8]. In 1961, Davis found the phenomenon in the human body: Prolonged regular cold exposure raised the level of non-shivering thermogenesis and resulted in cold adaptation [9]. One of the characteristics of cold acclimation is the increase of heat production induced by cold, usually accompanied with higher skin temperature but with relatively normal rectal temperature [10].



Oxidative stress is a common phenomenon that occurs in organisms faced with certain external stimuli. Once oxidation and antioxidation are out of the homeostatic state, reactive oxygen species (ROS) are overproduced. Excessive ROS—i.e., beyond the cell’s antioxidation capacity—causes oxidative stress in cells [11], and even causes other metabolic-related diseases [12]. Short-term exposure to cold can induce oxidative stress in warm-blooded mammals [13,14]. Lomakina found that the level of MDA (malondialdehyde) in the brain increased after exposure to cold for 24 h in rats [15]. In addition, Kaushik and Kaur found that rats’ brain, heart, liver, kidney, and small intestine emerged from oxidative stress after exposure to 7–8 °C with their levels of MDA increased significantly [16]. Other studies found that exposure to cold for 2 days could significantly raise HPS (hydroperoxides) levels in rats’ liver, skeletal muscle, and myocardium [17]. All these results indicate that cold exposure causes oxidative stress in many organs, further revealing that oxidative stress is widespread after cold stimulation.



The Chinese medicine radix aconiti carmichaeli (Fuzi) promotes sweating and defends the body from cold. However, the underlying mechanism remains unclear. To determine the key substance involved, we conducted purification experiments and obtained trans-ferulic acid-4-β-glucoside (C16H20O9), which has been relatively little studied. Our research found that trans-ferulic acid-4-β-glucoside promotes energy consumption and improves cold tolerance under low-temperature (4 °C) conditions. Furthermore, this substance may mainly be involved in liver and adipose tissue metabolism. Trans-ferulic acid-4-β-glucoside can significantly prevent cold-induced oxidative stress in liver and upregulate the protein level of UCP1 in brown fat tissue.




2. Results


2.1. Trans-Ferulic Acid-4-β-Glucoside Improves Cold Tolerance in Mice under Cold (4 °C) Condition


We established an animal model (Figure 1A,B) and found that the rectal temperature of mice exposed to cold decreased and was maintained at a relatively low level with great fluctuation. Mice treated with trans-ferulic acid-4-β-glucoside had a greatly increased rectal temperature, which was maintained at a relatively high level in a cold environment (Figure 1C, p < 0.05). Long-term cold exposure dramatically increased food intake in untreated mice (Figure 1D, p < 0.05). However, there was no difference in food intake between mice treated with trans-ferulic acid-4-β-glucoside and the control group (Figure 1D,E, p > 0.05). The body weight and blood biochemical parameters did not significantly alter, indicating that trans-ferulic acid-4-β-glucoside had no toxicity toward the liver and kidneys (Figure 1F and Figure S1F, p > 0.05). Intermittent-cold-exposed mice with this treatment showed the same trend (Figure S1A–D).




2.2. Trans-Ferulic Acid-4-β-Glucoside Alleviates Cold-Induced Oxidative Stress in Liver


The indicators of oxidative stress, ROS, include the superoxide anion (O−2), hydroxyl radical (•OH), and hydrogen peroxide (H2O2). At the same time, the organism itself can combat the occurrence of oxidative stress using an antioxidant enzyme system, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and so on. We detected oxidative stress injury indicators in liver, and the results revealed that long-term cold exposure increased the level of H2O2 in liver, while reducing the levels of SOD and GSH-Px. Moreover, trans-ferulic acid-4-β-glucoside could significantly increase the level of antioxidation, and thus alleviate oxidative stress (Figure 2A, p < 0.05). However, this phenomenon was not found in the heart and kidney (Figure 2B,C, p > 0.05).




2.3. Trans-Ferulic Acid-4-β-Glucoside Promotes Thermogenesis in Liver upon Cold Exposure


Hepatic glycogen content decreased under cold exposure(Figure 3B, p < 0.01,RT Con vs. 4°C Con), however, trans-ferulic acid-4-β-glucoside improved this situation (Figure 3A,B, p < 0.05, 4°C Con vs. 4°C TFA-4β-G). Meanwhile, the levels of genes related to mitochondrial biogenesis (the genes nrf1, tfam, and tfb2m) (Figure 3D, p < 0.05) and lipid metabolism (Figure 3C, p < 0.05) in the liver increased greatly after being given trans-ferulic acid-4-β-glucoside, according to real-time PCR results. Trans-ferulic acid-4-β-glucoside even increased the ATP level under cold conditions (Figure S1E, p < 0.05). These results suggest that trans-ferulic acid-4-β-glucoside increases liver heat production in mice exposed to cold (4 °C).




2.4. Trans-Ferulic Acid-4-β-Glucoside Activates Brown Adipose Tissue and Promotes Thermogenesis


Cold exposure increases the protein levels of UCP1 in brown adipose tissue, as well as induces thermogenesis to fight cold. The results of real-time PCR and Western blot consistently indicated that trans-ferulic acid-4-β-glucoside administration upregulated the expression of UCP1 in brown adipose tissue under cold conditions (Figure 4B, p < 0.05; Figure 4C, UCP1, p < 0.01; PGC1α, p < 0.001), which is not obvious in inguinal WAT (Figure S1I,J). At the same time, HE staining showed that the lipid droplets of the brown fat were smaller with treatment (Figure 4A). Intermittent-cold-exposed mice treated with trans-ferulic acid-4-β-glucoside showed the same trend (Figure S1G,H). These results suggest that trans-ferulic acid-4-β-glucoside promotes the activation of brown adipose tissue and increases heat production.





3. Discussion


As a common stimulus in the environment, cold exposure causes a series of metabolic changes in the body [18]. These changes play an important role in the formation of cold adaptation. The ability, or lack thereof, to adapt to cold determines the living conditions of mammals to a great extent, particularly in cold environments [19]. Recent studies have revealed that cold acclimation is related to the concomitant increase in brown adipose tissue (BAT) activity [8,20], as well as liver metabolism [21]. As a traditional Chinese medicine, radix aconiti carmichaeli (Fuzi) promotes heat production and protects from cold [22,23]. As the major ingredient from radix aconiti carmichaeli (Fuzi), the aconitum alkaloids mainly produce their pharmacological effects by regulating heart and blood vessel functions [24]; however, the key active ingredients from radix aconiti carmichaeli (Fuzi) which regulate BAT activity and liver metabolism in cold acclimation are still unknown. In order to elucidate the key substance that plays a role in this effect, we got a new active ingredient which is purified from Fuzi. The chemical structure is made up of ferulic acid and glucoside. Li Xia et al. found that sodium ferulate improves energy metabolism and plays a protective role after myocardial ischemia reperfusion injury, while Wu et al. suggested that ferulic acid protects the heart from lesion by inhibiting the apoptosis of mitochondria [25]. Pan Yiou et al. found that ferulic acid inhibits lipid deposition in obese mice by mediating the expression of some important lipid metabolism genes. These findings suggest that ferulic acid may participate in the process of energy metabolism and increase the body’s energy expenditure to fight obesity, however, these studies did not assess its role in liver and adipose tissue. In our study, the active ingredient trans-ferulic acid-4-β-glucoside promotes cold acclimation with increased fatty acid oxidation in liver and heat production in adipose tissue



By establishing and performing analysis on an animal model, we found that trans-ferulic acid-4-β-glucoside resulted in the maintenance of a relatively high rectal temperature level upon exposure to cold, indicating that trans-ferulic acid-4-β-glucoside promotes the process of cold acclimatization. Furthermore, we found that the underlying mechanism is the alleviated oxidative stress in liver and increased thermogenesis in brown adipose tissue. The genes acox1 and acadm are related to fatty acid beta-oxidation and degradation of medium-chain fatty acids, respectively, and we found that trans-ferulic acid-4-β-glucoside increased the expression of acox1 and acadm upon cold exposure, indicating the promotion of lipid oxidation. Sepa-Kishi et al. found that fatty acid oxidation was increased with cold acclimation [21], indicating that trans-ferulic acid-4-β-glucoside promotes cold acclimation with increased fatty acid oxidation. The genes nrf1, tfam, and tfb2m are related to mitochondrial biogenesis, and we found that trans-ferulic acid-4-β-glucoside increased the expression of these genes. Bruton et al. found stimulated mitochondrial biogenesis in muscle fibers of cold-acclimated mice [26], which also supports our results to some extent. Meanwhile, we found the expression of genes related to thermogenesis in brown adipose tissue, especially UCP1, increased with trans-ferulic acid-4-β-glucoside treatment, which could partially explain the improved cold tolerance in mice.



Besides, some researchers have proved that ferulic acid removes excess free radicals in the body, playing an antioxidant role. Also, sodium ferulate plays a major role in antiplatelet aggregation, neuroprotection, and so on [27]. Our study found that trans-ferulic acid-4-β-glucoside significantly increased antioxidant enzymes, thus reducing the oxidative stress injury in liver. For other important internal organs, such as heart and kidney, we found that the effect was not obvious. We suspect that it may be due to the following reason: As a metabolic organ, the liver may experience oxidative stress earlier than other organs, like heart or kidney. Some studies have found that acute cold exposure causes oxidative stress and organ damage in the liver of mice, but this phenomenon was not found in kidney, skeletal muscle, and brown adipose tissue [28]; which supports our conjecture.



Improved energy metabolism and alleviated oxidative stress are vital for the formation of cold acclimation [13,29]. Our results have shown that trans-ferulic acid-4-β-glucoside promotes cold acclimation through the above process. Some studies have focused on the relation between energy metabolism and oxidative stress and reported that oxidative stress induces autophagy in cells [30]; autophagy can reduce the damage caused by oxidative stress and thus protect cells. Meanwhile, others have reported that autophagy is closely related to energy metabolism processes, such as brown adipose tissue thermogenesis [31,32]. Therefore, whether there is a certain intrinsic link between oxidative stress and energy metabolism, and whether trans-ferulic acid-4-β-glucoside affects this link and thus plays a protective role, will be the next issue on molecular mechanisms to be addressed with further research.




4. Materials and Methods


4.1. Animals and Treatments


Eight-week-old C57BL/6 male mice, purchased from the experimental animal center of The Fourth Military Medical University, were kept at room temperature, with a 12 h light–dark cycle and regular chow diet. All procedures and experiments on mice were approved by Ethics Committee of Air Force Military Medical University (05 Dec 2017). We randomly divided these C57BL/6 mice into four groups to establish the animal model: one group lived at room temperature and received water, another group lived at room temperature and received trans-ferulic acid-4-β-glucoside, while the other two groups received water or trans-ferulic acid-4-β-glucoside in a cold environment (4 °C), respectively. We gave water or trans-ferulic acid-4-β-glucoside through intragastric administration at the fixed time 9:30 a.m. Each day, we measured the weight and food surplus before administration. After administration, we put the mice in 4 °C or room temperature environments and recorded the rectal temperature after 2 h. We repeated these operations for the next 5 consecutive days. On the 6th day, the mice were sacrificed, and the tissues were extracted and preserved at −80 °C. In addition, we established a short-time intermittent cold exposure model: We randomly divided the C57BL/6 mice into two groups, administering water or trans-ferulic acid-4-β-glucoside, respectively, in a 4 °C environment. The mice received cold exposure for 4 h and then were put at room temperature. The operation was repeated for 4 consecutive days. We examined the same index as mentioned above. On the 5th day, the mice were sacrificed, and the tissues were preserved.




4.2. Q-PCR


We used Trizol (Invitrogen, Carlsbad, CA, USA) to extract RNA from mouse liver, fat, and other tissues. With reverse transcription (TAKARA, Kusatsu, Japan), we obtained cDNA. Then, we used SYBR Green (TAKARA, Kusatsu, Japan) and the relevant primers (Sangon Biotech, Shanghai, China) to carry out real-time quantitative PCR on the FAST-7500 machine (Applied Biosystems, Foster City, CA, USA) [33]. The primer sequences are as follows: ucp1 (sense: 5′-AGGCTTCCAGTACCATTAGGT-3′; antisense: 5′-CTGAGTGAGGCAAAGCTGATTT-3′); pgc1α (sense: 5′-TATGGAGTGACATAGAGTGTGCT-3′; antisense: 5′-CCACTTCAATCCACCCAGAAAG-3′); dio2 (sense: 5′-AATTATGCCTCGGAGAAGACCG-3′; antisense: 5′-GGCAGTTGCCTAGTGAAAGGT-3′); cidea (sense: 5′-TGACATTCATGGGATTGCAGAC-3′; antisense: 5′-GGCCAGTTGTGATGACTAAGAC-3′); prdm16 (sense: 5′-CCACCAGCGAGGACTTCAC-3′; antisense: 5′-GGAGGACTCTCGTAGCTCGAA-3′); nrf1 (sense: 5′-AGCACGGAGTGACCCAAAC-3′; antisense: 5′-TGTACGTGGCTACATGGACCT-3′); tfam (sense: 5′-ATTCCGAAGTGTTTTTCCAGCA-3′; antisense: 5′-TCTGAAAGTTTTGCATCTGGGT-3′); tfb2m (sense: 5′-GGCCCATCTTGCATTCTAGGG-3′; antisense: 5′-CAGGCAACGGCTCTATATTGAAG-3′); acox1 (sense: 5′-TAACTTCCTCACTCGAAGCCA-3′; antisense: 5′-AGTTCCATGACCCATCTCTGTC-3′); acadm (sense: 5′-AGGGTTTAGTTTTGAGTTGACGG-3′; antisense: 5′-CCCCGCTTTTGTCATATTCCG-3′).




4.3. Western Blot


The brown adipose tissue homogenate of mice was mixed with RIPA lysate (Beyotime Biotechnology, shanghai, China), protease inhibitor (Roche, Basel, Switzerland), and PMSF (Beyotime Biotechnology, shanghai, China) (100:4:1), and the mixture was placed on ice for 15 min to carry out cell lysis. Then, we centrifuged the mixture and obtained the supernatant. Next, we measured protein concentration and added 5× loading buffer (Cwbiotech, Beijing, China), boiled the sample for 7 min, and loaded the proteins for electrophoresis. After electrophoresis, we transferred the proteins to a PVDF membrane. The membrane was blocked at room temperature in 5% BSA for 2 h, and the membrane was incubated with primary antibodies (UCP1 primary antibody, rabbit 1:1000, Abcam, Cambridge, UK; PGC1α primary antibody, rabbit, 1:1000, Abcam, Cambridge, UK; ACTIN primary antibody, mouse, 1:1000, Cambridge, UK; TUBULIN primary antibody, rabbit, 1:1000, Cambridge, UK) overnight at 4 °C. The following day, the membrane was washed in TBST three times, 10 min each, and the membrane was incubated with secondary antibodies for 2 h. The protein bands were visualized by chemiluminescence (Bio-Rad, Hercules, CA, USA) [34].




4.4. Blood Biochemistry Analysis


Serum was obtained by centrifugation at a speed of 3000 rpm/min for 5 min. Then, blood glucose, triglycerides, and total cholesterol were measured [35], and the damage-related indexes, such as creatinine, CK (Creatine Kinase), AST (Aspartate aminotransferase), ALT (Alanine aminotransferase), and LDH (lactate dehydrogenase) were measured.




4.5. Liver Glycogen Staining


For conventional PAS staining (Periodic Acid-Schiff stain) [36], liver tissues fixed with 4% polyoxymethylene were paraffin-embedded, sliced, and dewaxed. Then, the slices were stained in periodate dye solution for 15 min. After washing with tap water and distilled water two times, they were stained with Schiff dye in the dark for 30 min. After washing with running water, they were stained in hematoxylin dye for 3–5 min. After differentiation, dehydration and sealing, they were observed under the microscope.




4.6. Brown Adipose Tissue HE Staining


Brown adipose tissue fixed by 4% polyoxymethylene was paraffin-embedded by conventional techniques [37], sliced, and dewaxed. They were stained in hematoxylin dye for 3–5 min. After washing with tap water and differentiation, they were dehydrated in 85% and 95% alcohol successively for 5 min, and stained in eosin dye for 5 min. After dehydration and sealing, they were observed under the microscope.




4.7. Oxidative Stress Index of Liver Tissue


T-SOD was obtained according to the T-SOD test kit protocol (Nanjing Jiancheng, Nanjing, China). Briefly, an appropriate amount of liver tissue was grinded with saline to obtain the supernatant extract. Setting up a blank tube, we mixed 0.05 mL samples of from the different groups, 1 mL reagent one and 0.1 mL each of reagent two, three, and four. Then, the mixture was placed in a water bath for 40 min at 37 °C, after which we added the chromogenic agent and measured the absorbance at a wavelength of 550 nm.



4.7.1. Measurement of H2O2


H2O2 was obtained according to the H2O2 test kit protocol (Nanjing Jiancheng, Nanjing, China). Briefly, an appropriate amount of liver tissue was grinded with saline to obtain the supernatant extract. Setting up a blank tube, 0.1 mL samples or standards were mixed with 1 mL each of reagent one and reagent two, and the absorbance was measured at 405 nm wavelength.




4.7.2. Measurement of GSH-px


GSH-px was obtained according to the GSH-px test kit protocol of (Nanjing Jiancheng, Nanjing, China). Briefly, an appropriate amount of liver tissue was grinded with saline to obtain the supernatant extract. A blank tube, standard tube, enzyme tube, and non-enzyme tube were set up. The reagents were mixed together according to the recommended quantities and the absorbance was measured at a wavelength of 412 nm.





4.8. Statistical Analyses


The data were expressed as mean ± standard error of the mean (SEM). The results were tested by one-way ANOVA with Tukey’s post hoc t tests among the groups, and the differences between the two groups were analyzed using Student’s t-test. p values <0.05 were considered statistically significant. All these analyses were performed using SPSS20.0 software.









Supplementary Materials


The following are available online http://www.mdpi.com/1422-0067/19/8/2321/s1.





Author Contributions


Conceptualization, H.L.; Formal analysis, Y.L., J.Z. and J.W.; Funding acquisition, W.L., J.W. and W.Z.; Investigation, C.X.; Methodology, C.X. and Y.L.; Supervision, W.L. and J.C.; Writing—original draft, H.L.; Writing—review & editing, W.L., W.Z. and J.C.




Funding


This work was supported by Key Program of National Natural Science Foundation of China (81330045 and 81730053), National Natural Science Foundation of China (81502770), National Science and Technology Major Project of the Ministry of Science and Technology of China (2014ZX09J14106-03A) and Major Logistics Research Project of China (AWS16J022 and AWS14L008).




Acknowledgments


We would like to thank Zhenlong Xin, Yuankang Zou, Peng Su and Xiuquan Wu for their suggestions on article submission, and thank the roommates for their spiritual support during the trial.




Conflicts of Interest


There are no financial or other interests with regard to the paper that represent a conflict of interest.




Abbreviations




	TFA-4β-G
	Trans-ferulic acid-4-β-glucoside



	NST
	non-shivering thermogenesis



	UCP1
	uncoupled protein 1



	MDA
	malondialdehyde



	TBARS
	thiobarbituric acid-reactive substances



	HPS
	hydroperoxides



	ROS
	reactive oxygen species







References


	



Lichtenbelt, W.; Kingma, B.; van der Lans, A.; Schellen, L. Cold exposure—An approach to increasing energy expenditure in humans. Trends Endocrinol. Metab. 2014, 25, 165–167. [Google Scholar] [CrossRef] [PubMed]

	



Eyolfson, D.A.; Tikuisis, P.; Xu, X.; Weseen, G.; Giesbrecht, G.G. Measurement and prediction of peak shivering intensity in humans. Eur. J. Appl. Physiol. 2001, 84, 100–106. [Google Scholar] [CrossRef] [PubMed]

	



Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359. [Google Scholar] [CrossRef] [PubMed]

	



Lowell, B.B.; Spiegelman, B.M. Towards a molecular understanding of adaptive thermogenesis. Nature 2000, 404, 652–660. [Google Scholar] [CrossRef] [PubMed]

	



Rosen, E.D.; Spiegelman, B.M. What We Talk About When We Talk About Fat. Cell 2014, 156, 20–44. [Google Scholar] [CrossRef] [PubMed]

	



Ekberg, K.; Landau, B.R.; Wajngot, A.; Chandramouli, V.; Efendic, S.; Brunengraber, H.; Wahren, J. Contributions by kidney and liver to glucose production in the postabsorptive state and after 60 h of fasting. Diabetes 1999, 48, 292–298. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, M.C.; Vatner, D.F.; Shulman, G.I. Regulation of hepatic glucose metabolism in health and disease. Nat. Rev. Endocrinol. 2017, 13, 572–587. [Google Scholar] [CrossRef] [PubMed]

	



van der Lans, A.A.; Hoeks, J.; Brans, B.; Vijgen, G.H.; Visser, M.G.; Vosselman, M.J.; Hansen, J.; Jorgensen, J.A.; Wu, J.; Mottaghy, F.M.; et al. Cold acclimation recruits human brown fat and increases nonshivering thermogenesis. J. Clin. Investig. 2013, 123, 3395–3403. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Davis, T.R. Chamber cold acclimatization in man. J. Appl. Physiol. 1961, 16, 1011–1015. [Google Scholar] [CrossRef] [PubMed]

	



Blondin, D.P.; Tingelstad, H.C.; Mantha, O.L.; Gosselin, C.; Haman, F. Maintaining thermogenesis in cold exposed humans: Relying on multiple metabolic pathways. Compr. Physiol. 2014, 4, 1383–1402. [Google Scholar] [PubMed]

	



Sies, H. Oxidative stress: Oxidants and antioxidants. Exp. Physiol. 1997, 82, 291–295. [Google Scholar] [CrossRef] [PubMed]

	



Halliwell, B. Oxidative stress and cancer: Have we moved forward? Biochem. J. 2007, 401, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Blagojevic, D.P.; Grubor-Lajsic, G.N.; Spasic, M.B. Cold defence responses: The role of oxidative stress. Front. Biosci. 2011, 3, 416–427. [Google Scholar] [CrossRef]

	



Venditti, P.; Di Stefano, L.; Di Meo, S. Oxidative stress in cold-induced hyperthyroid state. J. Exp. Biol. 2010, 213 Pt 17, 2899–2911. [Google Scholar] [CrossRef][Green Version]

	



Lomakina, L.V. Effects of low temperature on lipid peroxidation and intensity of proteolysis in rat brain and liver. Ukrainskii Biokhimicheskii Zhurnal 1980, 52, 305–308. [Google Scholar] [PubMed]

	



Kaushik, S.; Kaur, J. Chronic cold exposure affects the antioxidant defense system in various rat tissues. Clinica chimica acta. Int. J. Clin. Chem. 2003, 333, 69–77. [Google Scholar]

	



Venditti, P.; De Rosa, R.; Portero-Otin, M.; Pamplona, R.; Di Meo, S. Cold-induced hyperthyroidism produces oxidative damage in rat tissues and increases susceptibility to oxidants. Int. J. Biochem. Cell Biol. 2004, 36, 1319–1331. [Google Scholar] [CrossRef] [PubMed]

	



Contreras, C.; Nogueiras, R.; Dieguez, C.; Rahmouni, K.; Lopez, M. Traveling from the hypothalamus to the adipose tissue: The thermogenic pathway. Redox Biol. 2017, 12, 854–863. [Google Scholar] [CrossRef] [PubMed]

	



Castellani, J.W.; Young, A.J. Human physiological responses to cold exposure: Acute responses and acclimatization to prolonged exposure. Auton. Neurosci. Basic Clin. 2016, 196, 63–74. [Google Scholar] [CrossRef] [PubMed]

	



Yoneshiro, T.; Aita, S.; Matsushita, M.; Kayahara, T.; Kameya, T.; Kawai, Y.; Iwanaga, T.; Saito, M. Recruited brown adipose tissue as an antiobesity agent in humans. J. Clin. Investig. 2013, 123, 3404–3408. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sepa-Kishi, D.M.; Katsnelson, G.; Bikopoulos, G.; Iqbal, A.; Ceddia, R.B. Cold acclimation reduces hepatic protein Kinase B and AMP-activated protein kinase phosphorylation and increases gluconeogenesis in Rats. Physiol. Rep. 2018, 6. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Yu, G.Z. Recognition and use of Aconitum carmichaeli from the pre-Qin period to Tang Dynasty-Also on rules in evolution of traditional Chinese medicine. China J. Chin. Mater. Med. 2017, 42, 4674–4678. [Google Scholar]

	



Singhuber, J.; Zhu, M.; Prinz, S.; Kopp, B. Aconitum in traditional Chinese medicine: A valuable drug or an unpredictable risk? J. Ethnopharmacol. 2009, 126, 18–30. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.J.; Guo, Z.Z.; Zhu, Y.F.; Huang, Z.J.; Gong, X.; Li, Y.H.; Son, W.J.; Li, X.Y.; Lou, Y.M.; Zhu, L.J.; et al. A systematic review of pharmacokinetic studies on herbal drug Fuzi: Implications for Fuzi as personalized medicine. Phytomed. Int. J. Phytother. Phytopharmacol. 2018, 44, 187–203. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.J.; Yu, J.; Fang, Q.J.; Lian, J.B.; Wang, R.X.; He, R.L.; Lin, M.J. Sodium ferulate protects against daunorubicin-induced cardiotoxicity by inhibition of mitochondrial apoptosis in juvenile rats. J. Cardiovasc. Pharmacol. 2014, 63, 360–368. [Google Scholar] [CrossRef] [PubMed]

	



Bruton, J.D.; Aydin, J.; Yamada, T.; Shabalina, I.G.; Ivarsson, N.; Zhang, S.J.; Wada, M.; Tavi, P.; Nedergaard, J.; Katz, A.; et al. Increased fatigue resistance linked to Ca2+-stimulated mitochondrial biogenesis in muscle fibres of cold-acclimated mice. J. Physiol. 2010, 588 Pt 21, 4275–4288. [Google Scholar] [CrossRef]

	



Wang, B.H.; Ou-Yang, J.P. Pharmacological actions of sodium ferulate in cardiovascular system. Cardiovasc. Drug Rev. 2005, 23, 161–172. [Google Scholar] [CrossRef] [PubMed]

	



Selman, C.; Grune, T.; Stolzing, A.; Jakstadt, M.; McLaren, J.S.; Speakman, J.R. The consequences of acute cold exposure on protein oxidation and proteasome activity in short-tailed field voles, microtus agrestis. Free Radical Biol. Med. 2002, 33, 259–265. [Google Scholar] [CrossRef]

	



Griggio, M.A. Thermogenic mechanisms in cold-acclimated animals. Braz. J. Med. Biol. Res. 1988, 21, 171–176. [Google Scholar] [PubMed]

	



Kroemer, G.; Marino, G.; Levine, B. Autophagy and the integrated stress response. Mol. cell 2010, 40, 280–293. [Google Scholar] [CrossRef] [PubMed]

	



Christian, P.; Sacco, J.; Adeli, K. Autophagy: Emerging roles in lipid homeostasis and metabolic control. Biochim. Biophys. Acta 2013, 1831, 819–824. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zeng, X.; Jin, S. Autophagy in adipose tissue biology. Pharmacol. Res. 2012, 66, 505–512. [Google Scholar] [CrossRef] [PubMed]

	



Ng, R.; Hussain, N.A.; Zhang, Q.; Chang, C.; Li, H.; Fu, Y.; Cao, L.; Han, W.; Stunkel, W.; Xu, F. miRNA-32 Drives Brown Fat Thermogenesis and Trans-activates Subcutaneous White Fat Browning in Mice. Cell Rep. 2017, 19, 1229–1246. [Google Scholar] [CrossRef] [PubMed]

	



Yao, L.; Cui, X.; Chen, Q.; Yang, X.; Fang, F.; Zhang, J.; Liu, G.; Jin, W.; Chang, Y. Cold-Inducible SIRT6 Regulates Thermogenesis of Brown and Beige Fat. Cell Rep. 2017, 20, 641–654. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, L.; Xiujuan, S.; Juan, W.; Song, J.; Lei, X.; Guotong, X.; Lixia, L. Comprehensive experiment-clinical biochemistry: Determination of blood glucose and triglycerides in normal and diabetic rats. Biochem. Mol. Biol. Educ. A Bimon. Publ. Int. Union Biochem. Mol. Biol. 2015, 43, 47–51. [Google Scholar] [CrossRef] [PubMed]

	



Fu, D.A.; Campbell-Thompson, M. Periodic Acid-Schiff Staining with Diastase. Methods Mol. Biol. 2017, 1639, 145–149. [Google Scholar] [PubMed]

	



Bauters, D.; Cobbaut, M.; Geys, L.; Van Lint, J.; Hemmeryckx, B.; Lijnen, H.R. Loss of ADAMTS5 enhances brown adipose tissue mass and promotes browning of white adipose tissue via CREB signaling. Mol. Metab. 2017, 6, 715–724. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 19 02321 g001 550] 





Figure 1. Trans-ferulic acid-4-β-glucoside treatment results in sustained, relatively high rectal temperature under cold conditions. (A) Molecular formula of TFA-4β-G; (B) establishment of the animal model; (C) change in rectal temperature among four groups (n = 6); (D) change in food intake; (E) change in body weight; (F) glucose, triglyceride, and cholesterol in serum. * p < 0.05 as indicated. 
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Figure 2. Trans-ferulic acid-4-β-glucoside alleviates cold-induced oxidative stress in liver. (A) The index related to oxidative stress in liver (n = 4); (B) the index related to oxidative stress in kidney (n = 4); (C) the index related to oxidative stress in heart (n = 4). * p < 0.05 as indicated. 
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Figure 3. Trans-ferulic acid-4-β-glucoside promotes energy consumption in liver. (A) PAS stain in liver (red arrow indicated the glycogen); (B) relative glycogen expression in liver; (C) mRNA expression related to lipometabolism in liver (n = 4); (D) mRNA expression related to mitochondrial biogenesis in liver (n = 4). * p < 0.05, and ** p < 0.01 as indicated. 
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Figure 4. Trans-ferulic acid-4-β-glucoside activates brown adipose tissue. (A) HE stain in BAT(red arrow indicated the lipid droplets); (B) mRNA expression related to heat production in BAT (n = 4); (C) protein level of genes related to heat production in BAT. * p < 0.05, ** p < 0.01, and *** p < 0.001 as indicated. 
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