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Abstract

Heat stress is exacerbated by global warming and affects human and animal health, leading to heart damage caused by imbalances

in reactive oxygen species (ROS) and the antioxidant system, acid-base chemistry, electrolytes and respiratory alkalosis. Vitamin

C scavenges excess ROS, and sodium bicarbonate maintains acid-base and electrolyte balance, and alleviates respiratory alka-

losis. Herein, we explored the ability of vitamin C alone and in combination with equimolar sodium bicarbonate (Vitamin C-Na)

to stimulate endogenous antioxidants and heat shock proteins (HSPs) to relieve heat stress in H9C2 cells. Control, vitamin C

(20 μg/ml vitamin C for 16 h) and vitamin C-Na (20 μg/ml vitamin C-Na for 16 h) groups were heat-stressed for 1, 3 or 5 h.

Granular and vacuolar degeneration, karyopyknosis and damage to nuclei and mitochondria were clearly reduced in treatment

groups, as were apoptosis, lactate dehydrogenase activity and ROS and malondialdehyde levels, while superoxide dismutase

activity was increased. Additionally, CRYAB, Hsp27, Hsp60 and Hsp70 mRNA levels were upregulated at 3 h (p < 0.01), and

protein levels were increased for CRYAB at 0 h (p < 0.05) and 1 h (p < 0.01), and for Hsp70 at 3 and 5 h (p < 0.01). Thus, pre-

treatment with vitamin C or vitamin C-Namight protect H9C2 cells against heat damage by enhancing the antioxidant ability and

upregulating CRYAB and Hsp70.
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Introduction

Stress is defined as a nonspecific general reaction when an

organism is forced to respond to environmental challenges

such as exposure to cold, surgical injury or hyperthermia

(Zulkifli et al. 2009). Heat stress is a major environmental

issue exacerbated by global warming that influences human

health, affects animal growth and development, decreasing

livestock production and causing sudden death in extreme

cases (Crandall and Wilson 2014; Niu et al. 2009). Heat stress

can also damage important organs like the heart (Cui and

Sinoway 2014; Tang et al. 2016b) and induce tissue damage

associated with sudden death. Heat stress can also destroy the

integrity of the tight junctions of myocardial cells, and injure

the structure and function of cell membranes (Aitken-Buck

and Lamberts 2017; Crandall and Wilson 2014; Cui and

Sinoway 2014). The heat damage is involved in excessive

generation of reactive oxygen species (ROS) and the destruc-

tion of the antioxidant system (Ahmad et al. 2017; Lin et al.

2006; Panda et al. 2008). Effective antioxidants that can be

used to decrease heat stress damage are therefore of much

interest in human and veterinary medicine.

Vitamin C (ascorbic acid) is an effective antioxidant that

acts as a cofactor for at least 15 mammalian enzymes (Aditi

and Graham 2012). Vitamin C can be synthesised by all plants

and most animals, but not by humans and other primates

(Aditi and Graham 2012; Padayatty and Levine 2016).

Dietary supplementation with vitamin C is beneficial, espe-

cially in stress and injury conditions that induce the produc-

tion of ROS. Many studies have indicated that vitamin C, as

dietary supplement, is beneficial for humans (Ahmad et al.

2017; Khassaf et al. 2003; Morrison et al. 2015) and for

* Endong Bao

b_endong@njau.edu.cn

1 College of Veterinary Medicine, Nanjing Agricultural University,

Weigang 1, Nanjing 210095, China

2 Ningxia Zhihong Biotechnology Company, Kaiyuan east road 29,

Yinchuan, Ningxia 750000, China

3 Ningxia Animal Disease Prevention and Control Center,

Yinchuan, Ningxia 750000, China

4 Guyuan Animal Disease Prevention and Control Center,

Guyuan, Ningxia 756000, China

Cell Stress and Chaperones (2018) 23:735–748

https://doi.org/10.1007/s12192-018-0885-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s12192-018-0885-2&domain=pdf
http://orcid.org/0000-0003-1011-7985
mailto:b_endong@njau.edu.cn


animals to reduce stress (Imik et al. 2012; Mahmoud et al.

2003; Mahmoud et al. 2004; Niu et al. 2009; Sahin et al.

2004; Sahin et al. 2009; Szczubial 2015). Evidence suggests

that supplementation with vitamin C can alleviate heat-related

disruption of metabolic processes, and enhance the immune

competence of animals (Jang et al. 2014; Niu et al. 2009;

Panda et al. 2008; Rafiee et al. 2016; Redmond et al. 2010).

Feed supplemented with 200–400 mg/kg vitamin C can en-

hance feed intake, survivability and laying performance in

hens reared under heat stress conditions (Attia et al. 2016).

Similar effects of vitamin C have been observed in broiler

chicken, sows, cows and other livestock (Chand et al.,2014;

Liu et al. 2016; Mahmoud et al. 2003; Mahmoud et al. 2004;

Sahin et al. 2004; Sharma et al. 2013; Sinkalu and Ayo 2016;

Szczubial 2015). However, due to the strong acidity of vita-

min C, people with gastrointestinal conditions might suffer

side effects of its administration.

As a dietary supplement, sodium bicarbonate can help to

maintain acid-base and electrolyte balance, and alleviate re-

spiratory alkalosis following exposure to high temperatures

(Mujahid 2011). Sodium bicarbonate supplementation in hens

could improve shell quality, and in chickens to enhance body

weight (Ahmad et al. 2009; Grizzle et al. 1992; Yörük et al.

2004). Additionally, as a weak base, sodium bicarbonate can

neutralise the strong acidity of vitamin C without destroying

its electron donor and antioxidant activities (Padayatty and

Levine 2016). However, the exact mechanisms of the protec-

tive effects of vitamin C combined with sodium bicarbonate

against heat stress remain unknown.

The heat shock response (HSR) is an evolutionarily con-

served endogenous protective mechanism characterised by

transcriptional activation and accumulation of heat shock pro-

teins (HSPs) (Collier et al. 2008; Kishore et al. 2014). The

HSR can be activated by many stresses including heat stress

(Ruell et al. 2009; Tower 2011). HSPs are highly conserved

and are expressed in almost all living organisms from bacteria

to humans (Tang et al. 2016a). Based on molecular weight,

HSPs can be divided into Hsp110, Hsp90, Hsp70, Hsp60,

Hsp47 and small HSPs such as Hsp27 and CRYAB (Garrido

et al. 2001). HSPs act as molecular chaperones to stabilise

newly synthesised proteins and promote the correct folding

and refolding of damaged proteins (Sottile and Nadin 2017;

Tower 2011). Under heat stress, denaturation or misfolding of

proteins can lead to cell dysfunction and even death. HSPs

play an important role in relieving stress-induced damage

(Garrido et al. 2001; Ruell et al. 2009; Sottile and Nadin

2017). Vitamin C has the potential function as HSP inducer.

Camins indicated that vitamin C could increase dog neutro-

phils cell-surface Hsp27, Hsp72 and Hsp90 expression after

oxidative stress (Camins et al. 1999). Vitamin C supplement

induced Hsp60 and Hsp70 expression in human lymphocyte

and skeletal muscle (Khassaf et al. 2003); however, the mech-

anism of induction was unclear.

In our previous studies, pre-treatment with aspirin or co-

enzyme Q10 can upregulate HSPs to protect heart tissue

against heat stress (Tang et al. 2016a; Tang et al. 2016b; Xu

et al. 2017b; Xu et al. 2017c). However, the protective effect

of vitamin C against heat stress on heart tissue and its relation-

ship with HSPs were less known;moreover, whether the effect

of combination with equimolar sodium bicarbonate (vitamin

C-Na) is better than vitamin C alone is not known. In the

present study, we explored the ability of pre-treatment with

vitamin C (VC) alone or in combination with sodium bicar-

bonate (VC-Na) to protect heart cells against heat stress, and

demonstrated stimulation of natural antioxidant functions and

upregulation of HSPs.

Materials and methods

Cell culture

H9C2 cells, derived from rat myocardium, were purchased

from the American Type Culture Collection (ATCC). Cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM; Gibco, USA) supplemented with 10% heat-

inactivated fetal bovine serum (FBS; Gibco), 100 U penicillin

and 100 μg/ml streptomycin (Gibco) at 37 °C in a 5% CO2

humidified atmosphere (Thermo, USA). When cells formed a

complete monolayer, they were passaged into dishes or 96-

well plates for subsequent experiments.

Cell viability analysis

Cell viability analysis was performed using a cell counting kit-

8 (CCK-8, Beyotime, China) according to the manufacturer’s

instructions. Firstly, we measured the maximum safe concen-

tration of vitamin C alone and in combination with an equi-

molar amount of sodium bicarbonate (vitamin C-Na) for

H9C2 cells. Vitamin C and vitamin C-Na were provided by

Ningxia Zhihong Biotechnology Company. H9C2 cells were

seeded in 96-well plates (1 × 104 cells/well). After ~ 16−18 h,

the cell confluence reached 70−80%, and the medium was

replaced with fresh medium containing vitamin C or the vita-

min C-Na mixture at 0, 10, 20, 50, 100, 200, 400, 600, 800 or

1000μg/ml. Plates were incubated at 37 °C for 16 h, and 10μl

CCK-8 solution was added to each well and incubation con-

tinued for 1 h at 37 °C. The absorbance at 450 nm was then

measured with a microplate reader (NanoQuant, USA). In

order to discriminate between the protective effects of vitamin

C and the vitamin C-Na mixture on H9C2 cells under heat

stress using the CKK-8 method, we transferred the plates into

a 5%CO2-humidified atmosphere at 42 °°C for 5 h. At the end

of the treatment, 10 μl of CCK-8 solution was added and

incubation continued for 1 h at 37 °C. GraphPad Prism 5

software was used for data analysis.
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The H9C2 cell heat stress model

To evaluate the protective effects of vitamin C or the vitamin

C-Na mixture, H9C2 cells were seeded in a 60-mm dish and

randomly divided into control, vitamin C and vitamin C-Na

groups. After 16–18 h, the medium was changed to fresh

medium for the control group, fresh medium containing

20 μg/ml vitamin C for the VC group and fresh medium

containing 20 μg/ml vitamin C-Na for VC-Na group.

Culturing was continued at 37 °C for 16 h, cells were trans-

ferred into a 5%CO2-humidified atmosphere at 42 °C for 0, 1,

3 or 5 h and cells or supernatants were immediately harvested

for analysis.

Histological analysis of H9C2 cells

Histological analysis was performed to detect cell damage.

H9C2 cells seeded on coverslips were collected after heat

stress treatment, washed three times with phosphate-buffered

saline (PBS), fixed in 4% paraformaldehyde for 30 min,

washed three more times with PBS, stained with

haematoxylin for 5 min, eosin for 3 min and passed immedi-

ately through an ethanol gradient consisting of 75% ethanol

for 2 min, 85% ethanol for 2 min, 95% ethanol for 2 min, 95%

ethanol for 2 min, 100% ethanol for 2 min, 100% ethanol for

2 min, xylene for 2 min and xylene for 2 min. Coverslips were

mounted using neutral resin for light microscopic analysis

using an Axio Imager.A2 instrument (Zeiss, German).

Transmission electron microscopy analysis of H9C2
cells

Transmission electron microscopy (TEM) analysis was per-

formed to detect damage to subcellular structures, especially

mitochondria. H9C2 cells were seeded in a 10 mm dish col-

lected after heat treatment for 0 or 3 h. After heat stress treat-

ment, the medium was discarded and cells were washed three

times with PBS, then gently harvested using a cell scraper.

After centrifugation at 800 g for 5 min, the supernatant was

discarded and cells were fixed in 2.5% glutaraldehyde for

TEM analysis using Libra 120 instrument (Zeiss).

Flow cytometry analysis of apoptosis

Flow cytometry analysis was performed to detect apoptosis

using an Annexin V-FITC/PI Apoptosis Detection kit

(Vazyme, China). Cells after heat stress were treated with

EDTA-free trypsin (Gibco), collected, washed with cold

PBS three times, suspended in 100 μl binding buffer and

5 μl annexin V-FITC and 5 μl PI solution were added. All

samples were analysed by flow cytometry (BD FACSAria,

USA) within 1 h, and data were analysed using FlowJo 7.6.

Measurement of lactate dehydrogenase,
malondialdehyde and superoxide dismutase

H9C2 cells were seeded in 30 mm dishes, subjected to heat

stress and the supernatant was collected for lactate dehydro-

genase (LDH) analysis using a commercial kit (Nanjing

Jiancheng Biochemical Reagent, China), while cells were

treated with 100 μl RIPA lysis buffer for malondialdehyde

(MDA) and superoxide dismutase (SOD) analysis. MDA

was detected using an ELISA kit (Mlbio, China) according

to the manufacturer’s instruction. SOD activity was measured

using a commercial kit (Nanjing Jiancheng Biochemical

Reagent), and protein concentration was measured using a

BCA assay kit (Life Technologies, USA) with protein stan-

dards to normalise SOD activity to protein content.

Measurement of reactive oxygen species

Intracellular free radical production was measured using a

reactive oxygen species (ROS) assay kit (Beyotime, China)

following manufacturer’s instructions, followed by flow cy-

tometry (BD FACSAria, USA) and Axio Imager.A2 fluores-

cence microscopy (Zeiss). For flow cytometry, H9C2 cells

were seeded in 30 mm dishes, subjected to heat stress, treated

with trypsin (Gibco), harvested, washed once with cold PBS,

then suspended in 1 ml serum-free DMEM with 10 μM

DCFH-DA. Cells were then incubated at 37 °C for 20 min,

mixed every 5 min, washed with serum-free DMEM three

times to remove free DCFH-DA and finally resuspended in

100 μl PBS. All samples were immediately analysed using

flow cytometry. For fluorescence microscopy, H9C2 cells

were seeded on coverslips in 24-well plates, subjected to heat

stress, the supernatant was discarded, cells were washed with

PBS three times, 500 μl serum-free DMEM and 10 μM

DCFH-DAwere added and cells were incubated at 37 °C for

20 min. After washing with PBS three more times, coverslips

were placed on slides for fluorescence microscopy analysis.

Real-time quantitative PCR

H9C2 cells were seeded in 24-well plates, and total RNA was

extracted from heat-stressed cells using TRIzol reagent (TaKaRa,

Japan) and quantified with a Nanodrop 2000 (Thermo, USA) by

measuring the absorbance at 260 nm and A260/A280 ratio.

Reverse transcription was then carried out with a real-time quan-

titative PCR (RT-PCR kit) (Vazyme, China). Synthesised cDNA

was used for RT-PCR with Power SYBR Green master mix

(Vazyme) according to the manufacturer’s instructions. The rel-

ative expression level of genes was normalised against

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and

quantified using the comparative Ct (2-ΔΔCt) method. Primer

sequences are shown in Table 1.
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Western blotting analysis

H9C2 cells were washed with cold PBS three times and

lysed on ice using RIPA lysis buffer (Dingguo

Changsheng Biotechnology, China) containing 1% prote-

ase inhibitor (Nanjing Jiancheng Biochemical Reagent)

for 10 min. The supernatant was collected after centrifu-

gation at 12,000 g for 10 min, and the protein concen-

tration was measured with a BCA Protein Assay Kit

(Life Technologies, USA). Samples were combined with

sodium dodecyl sulphate-polyacrylamide gel electropho-

resis (SDS-PAGE) sample buffer, boiled for 15 min,

stored at – 20 °C until needed, and 15 μg of each protein

sample was separated by 10% SDS-PAGE and trans-

ferred to a polyvinylidene fluoride membrane (Bio-Rad,

California). After blocking with 5% non-fat dry milk in

Tris-buffered saline and Tween 20 (TBST) buffer for 2 h,

the membrane was incubated overnight at 4 °C with pri-

mary antibodies including anti-CRYAB, anti-Hsp27, anti-

Hsp47, anti-Hsp70, anti-Hsp90, anti-Hsp110 (ENZO,

USA), anti-Hsp60 (CST, USA) and GAPDH (Abcam,

USA). Membranes were washed six times with TBST

for 5 min each time, then incubated for 2 h with the

corresponding peroxidase-conjugated goat IgG antibody

(Boster, China). Membranes were washed six times with

TBST for 5 min each time, enhanced chemiluminescence

detection regents (Thermo, USA) were added and detec-

tion was performed using an ImageQuant LAS4000 dig-

ital imaging system (GE Healthcare, Japan). The intensi-

ty of scanned bands was determined using Quantity One.

Statistical analysis

All experiments were performed in triplicate (n = 3), and data

are presented as mean ± standard deviation (SD). Differences

between experimental groups were analysed by one-way anal-

ysis of variance (ANOVA) with the least significant difference

(LSD) multiple comparison test using SPSS software v.20.0

(IBM, Armonk, NY). Statistical significance was assumed at

p < 0.05 (* or #) or p < 0.01(** or ##).

Results

Cell viability

H9C2 cell viability following treatment with vitamin C and

vitamin C-Na is shown in Fig. 1a. Under normal culture con-

ditions, 200μg/ml vitamin C or vitamin C-Na had no effect on

H9C2 cells, but a dose of 400 μg/ml lowered cell viability

significantly (p < 0.01), and addition of 600 μg/ml VC or

VC-Na reduced cell viability by ~ 50%. The effects of VC

and VC-Na on H9C2 cells suffering heat stress for 5 h are

shown in Fig. 1b. A 10–100 μg/ml concentration increased

cell viability (p < 0.01), and a dose of 20 μg/ml enhanced

viability ~ 1.5-fold under heat stress conditions. However,

when the concentration was increased to 200 μg/ml, the pro-

tective effects disappeared and a dose of 400 μg/ml was inju-

rious to cells. In summary, 20 μg/ml of vitamin C and vitamin

C-Na was optimal and used in subsequent protection

experiments.

Histological analysis of H9C2 cells

Pathological cell lesions occurred when H9C2 cells were ex-

posed to heat stress (Fig. 2). Normal H9C2 cells are spindle-

shaped, but heat stress causes them to adopt a polygon con-

figuration, and the intercellular space becomes wider than

normal. In the control group, H9C2 cells exhibited granular

degeneration when suffering from heat stress for 1 h, vacuolar

degeneration after 3 h and karyopyknosis after 5 h. By con-

trast, in the VC and VC-Na groups, only slight granular de-

generation appeared after heat stress for 1 h, less vacuolar

degeneration was observed after 3 h and karyopyknosis was

evident after 5 h.

TEM analysis of H9C2 cells

The results of TEM analysis are shown in Fig. 3a, and mito-

chondrial changes are shown in Fig. 3b. Without heat stress,

the VC and VC-Na groups displayed no visible differences

compared with the control group; chromatin was uniformly

distributed in the nucleus, no gaps were present between the

Table 1 Sequences of primers

used for real-time PCR Gene Forward primer Reverse primer

Hsp27 5′-CGTGGTGGAGATCACTGGCAAGC-3′ 5′-CGGGCCTCGAAAGTGACCGG-3′

CRYAB 5′-CACGAAGAGCGCCAGGACGA-3′ 5′-CGTCGGCTGGGATCCGGTACT-3′

Hsp47 5′-TCTCCTTCTGGGCACCTTA-3′ 5′-CTCCACCGCCTGATCTTT-3′

Hsp60 5′-CCGCCCCGCAGAAATGCTTCGAA-3′ 5′-AGGCTCGAGCATCCGCACCAA-3′

Hsp70 5′-GCTGACCAAGATGAAGGAGAT-3′ 5′-GCTGCGAGTCGTTGAAGTAG-3′

Hsp90 5′-CCCGGTGCGGTTAGTCACGT-3′ 5′-TCCAGAGCGTCTGAGGAGTTGGA-3′

Hsp110 5′-GCGTGGAGCAGATAACA-3′ 5′-AAGCAACAGCCGTCAT-3′

GAPDH 5′-GCAAGTTCAACGGCACAG-3′ 5′-GCCAGTAGACTCCACGACAT-3′
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cytoplasm and nucleus and mitochondrial cristae were intact

and clearly visible. However, whenH9C2 cells were subjected

to heat stress for 3 h, the control group presented condensed

and marginalised metachromatin, nucleocytoplasmic

separation with many gaps between the cytoplasm and nucle-

us and most mitochondrial cristae were partly or fully

disintegrated to form vacuoles. By contrast, VC and VC-Na

groups presented no metachromatin marginalisation, no

Fig. 1 Viability of H9C2 cells. a Cell viability upon addition of various

concentrations of vitamin C (VC) and vitamin C-Na (VC-Na) without heat

stress. Addition of 200 μg/ml vitamin C and vitamin C-Na had no effect

on H9C2 cells, but 400 μg/ml reduced cell viability. b Cell viability upon

addition of various concentrations of VC and VC-Na following heat

stress for 5 h. Addition of between 10 and 100 μg/ml increased cell

viability, but 20 μg/ml resulted in the largest increase (~ 1.5-fold). *p <

0.05, **p < 0.01compared with 0 h in the control group; #p < 0.05, ##p <

0.01 means supplements group compared with the control group or

compared between the two supplements at the same timepoint

Fig. 2 Pathological lesions in

H9C2 cells following heat stress

for 0, 1, 3 and 5 h (bar = 20 μm)

shown by haematoxylin and eosin

staining. Heat exposure used

granular degeneration (rightwards

arrow) after 1 h, vacuolar

degeneration (upwards arrow)

after 3 h and karyopyknosis

(downwards arrow) after 5 h in

the control group.

Supplementation with vitamin C

or vitamin C-Na resulted in less

granular degeneration and

vacuolar degeneration after 1 and

3 h, and no karyopyknosis after

5 h
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nucleocytoplasmic separation and less mitochondrial cristae

disintegration.

Measurement of apoptosis, LDH, MDA and SOD

Figure 4 shows the results of measurement of LDH, MDA and

SOD. Supplementation with vitamin C and vitamin C-Na for

16 h had no significant influence on apoptosis, LDH or MDA,

but SOD activity was significantly reduced about 8.6% for VC

(p < 0.05) and about 22.3% lower for VC-Na (p < 0.01). In the

control group, when cells suffered increasing heat stress,

apoptosis, LDH and MDA all increased compared with the 0 h

timepoint. However, thermal injury was significantly reduced in

the VC group (p < 0.01 at 1, 3 and 5 h for apoptosis and LDH;

slight reduction at 1 and 3 h for MDA) and the VC-Na group

(p< 0.01 at 1, 3 and 5 h for apoptosis and LDH; p< 0.05 at 3 h

and slight reduction at 1 and 5 h for MDA). In addition, com-

pared with the VC group, the VC-Na group displayed a signifi-

cant reduction at 5 h for apoptosis, and at 1, 3 and 5 h for LDH.

Meanwhile, SOD activity in the control groupwas decreased at 1

and 3 h following heat stress (p < 0.01), and was still lower than

the 0 h timepoint at 5 h (p < 0.01). Compared with the control

Fig. 3 Transmission electron

microscopy (TEM) of H9C2 cells

following heat stress for 0 and 3 h.

a Changes in nuclei (bar = 1 μm)

and b mitochondria (bar =

0.5 μm). Exposure to heat stress

for 3 h caused metachromatin

condensation and marginalisation

(rightwards arrow),

nucleocytoplasmic separation

(upwards arrow), mitochondrial

conversion to vacuoles (leftwards

arrow) and mitochondrial cristae

disintegration (downwards arrow)

in control cells. Supplementation

with vitamin C or vitamin C-Na

prevented metachromatin

marginalisation and

nucleocytoplasmic separation,

and decreased mitochondrial

cristae disintegration
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group, SOD activity in the VC group was significantly higher

(p< 0.01) at 3 h, and even higher at 5 h (p < 0.01).

Measurement of ROS

The results of fluorescence microscopy analysis of ROS are

shown in Fig. 5a. The intensity of the green fluorescence is

proportional to intracellular free radical production, and it was

clearly enhanced with continued heat stress, but much weaker

in the VC and VC-Na groups than the control group, indicat-

ing ROS scavenging. The results of flow cytometry analysis

of ROS are shown in Fig. 5b. When suffering heat stress, the

peak shifted to the right, indicating increased ROS production,

and ROS scavenging in the VC and VC-Na groups was indi-

cated by a peak shift to the left compared with the control

group at the same time point.

Real-time quantitative PCR

Transcription of HSPs was measured relative to the GAPDH

housekeeping gene, which did not change in response to heat

stress and the data were analysis using the formula as follow:

HSP transcriptional level = 2− △ △Ct . The results are shown in

Fig. 6. Transcription of CRYAB, Hsp27, Hsp47, Hsp60,

Hsp70, Hsp90 and Hsp110 was not obviously changed by

pre-treatment with vitamin C or vitamin C-Na for 16 h in the

absence of heat stress. For the control group, heat stress sig-

nificantly increased the transcription of all HSPs at 1 h

(p < 0.01) except CRYAB and Hsp60 compared with levels at

0 h. Upon continued heat stress, transcription of HSPs was

further increased at 3 h (p < 0.01), andHsp70 andHsp90were

still upregulated at 5 h, although transcription of other HSPs

had a lesser degree compared to 3 h by this timepoint. Pre-

treatment with vitamin C and vitamin C-Na led to similar HSP

transcriptional changes to those observed in the control group

except for CRYAB and Hsp27, which were still induced at 5 h

for the VC-Na group. However, compared with the control

group, only CRYAB, Hsp27, Hsp60 and Hsp70 mRNA levels

were comparable, and all were induced, especially at 3 h.

Western blotting analysis

Protein bandswere scanned usingQuantity One software and the

HSP protein levels were measured by normalising against the

GAPDH housekeeping protein with the following formula:

HSP protein level ¼ gray value of HSP−gray value of backgroundð Þ
gray value of GAPDH−gray value of backgroundð Þ.

The results were shown in Fig. 7. Supplementation with vita-

min C or vitamin C-Na did not induce any obvious changes in

HSP protein levels except for CRYAB (p < 0.05 in both VC

and VC-Na groups) and Hsp60 (p < 0.05 in the VC-Na

group). In the control group, when cells suffered heat stress,

Fig. 4 Cell damage associated with heat stress (HS). aApoptosis, b LDH

and c MDA are increased following heat stress, but this increase is

reversed by pre-treatment with vitamin C (VC) and vitamin C-Na (VC-

Na). d SOD activity decreases following heat stress, and supplementation

with vitamin C and vitamin C-Na decreases basal level SOD activity at

0 h compared to controls. SOD activity is strongly increased following

exposure to heat stress for 3 and 5 h, respectively. *p < 0.05, **p <

0.01compared with 0 h in the control group; #p < 0.05, ##p < 0.01

means supplements group compared with the control group or

compared between the two supplements at the same timepoint
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expression of CRYABwas decreased at 1 h (p < 0.05) and was

even lower at 3 and 5 h (p < 0.01) compared with the 0 h

timepoint. However, other HSPs were increased. Hsp27 and

Hsp70 were increased from 1 to 5 h, and levels were signifi-

cantly elevated between 3 and 5 h (p < 0.01). Hsp47, Hsp60,

Hsp90 and Hsp110 were induced at 1 and 3 h, but levels had

begun to decrease at 5 h. Comparedwith the control group, the

VC and VC-Na groups displayed a similar trend in HSP pro-

tein levels upon suffering heat stress, but only for CRYAB or

Hsp70 was compared; vitamin C and vitamin C-Na signifi-

cantly induced CRYAB expression at 1 h (p < 0.01), and up-

regulated Hsp70 at 3 and 5 h (p < 0.01).

Discussion

Heat stress can lead to cell membrane lipid peroxidation,

DNA destruction and protein oxidative damage, all of which

can result from enhanced ROS generation and disturb the

oxidant/antioxidant balance (Lin et al. 2006). A crucial factor

in thermal injury is the increase in free radicals produced by

metabolic disorders (Lin et al. 2006; Malcolm et al. 2002;

Matsumura et al. 2017; Tan et al. 2010). Vitamin C is a natural

antioxidant that can help to eliminate free radicals (Imik et al.

2012; Khassaf et al. 2003). For human, vitamin C is widely

used for antioxidation, anti-ageing, antioxidative stress toxic-

ity and by athletes to scavenge exercise-induced free radicals

(Jaiswal et al. 2017; Khassaf et al. 2003; Morrison et al. 2015).

In livestock, vitamin C also is widely used to relieve heat

stress-induced losses in productivity and improvemeat quality

(Ferreira et al. 2015; Imik et al. 2012; Torki et al. 2014).

However, the heart protection potential of vitamin C has not

been thoroughly investigated using appropriate pathological

studies. In the present work, we pre-treated H9C2 cells with

vitamin C alone or in combination with sodium bicarbonate to

assess protection from heat stress damage and explore the

molecular mechanisms.

Fig. 5 Levels of ROS in H9C2 cells following heat stress for 1, 3 and 5 h

after pre-treatment with vitamin C or vitamin C-Na, or without pre-

treatment (controls). a Fluorescence microscopy (bar = 100 μm)

showing an enhancement in green fluorescence following continued

heat stress in controls, and much weaker fluorescence in the vitamin C

group and vitamin C-Na groups. b Flow cytometry showing a peak shift

to the right following heat stress, and a peak shift to the left in cells

supplemented with vitamin C or vitamin C-Na
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The protective functions of drugs are generally dose-

dependent and time-dependent, and this holds true for vitamin

C (Jaiswal et al. 2017; Padayatty and Levine 2016). An

important difference between drugs and toxicants is this

dose-dependence (Bae et al. 2008; Zhou et al. 2015). The

physiology of vitamin C is closely related to its dose (Levine

Fig. 6 Transcription of CRYAB, Hsp27, Hsp47, Hsp60, Hsp70, Hsp90,

Hsp110 detected using the RT-PCR method relative to the housekeeping

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Heat stress

induces transcription of HSPs at 1 and 3 h. Upon continued heat stress,

transcription of Hsp70 and Hsp90 were still upregulated at 5 h, although

transcription of other HSPs had a lesser degree compared to 3 h by this

timepoint. Following supplementation with vitamin C or vitamin C-Na,

only transcription of CRYAB, Hsp27, Hsp60 and Hsp70 is comparable

with controls, and all were induced at 3 h. *p < 0.05, **p < 0.01compared

with 0 h in the control group; #p < 0.05, ##p < 0.01 means supplements

group compared with the control group or compared between the two

supplements at the same timepoint
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et al. 2011). Under normal conditions, 200 μg/ml vitamin C or

vitamin C-Na proved safe for H9C2 cells. However, following

exposure to heat stress, 200 μg/ml vitamin C or vitamin C-Na

damaged H9C2 cells, as demonstrated by lower cell viability

compared with the control group. Within the safe concentra-

tion of 100 μg/ml, the protective functions of vitamin C and

vitamin C-Na did not increase linearly between 10 and

100 μg/ml, but rather increased initially then decreased with

increasing concentration. The reason for this might be related

to cell membrane permeability. Cell membranes usually reg-

ulate the balance of materials entering or leaving the cell, but

heat stress can damage them and increase cell permeability,

allowing larger materials to enter the cell (Tan et al. 2010).

Thus, under heat stress conditions, the concentration of vita-

min C entering the cell could be much higher than in normal

conditions. In our experiments, 20μg/ml vitamin C or vitamin

C-Na was found to be the optimal concentration for protecting

H9C2 cells against heat stress.

Pathological sectioning and TEM analysis are commonly

used to investigate cell lesions (Xu et al. 2017b). Our previous

study revealed necrosis in rat myocardium following heat

stress for 40 min (Tang et al. 2016b). Pathological lesions in

cells can include granular degeneration, vacuolar degeneration

and karyopyknosis (Xu et al. 2017b). In the present study, heat

stress caused granular degeneration after 1 h in H9C2 cells,

vacuolar degeneration after 3 h and karyopyknosis after 5 h.

However, pre-treatment with vitamin C or vitamin C-Na de-

creased granular degeneration and vacuolar degeneration after

heat stress for 1 and 3 h, and karyopyknosis was not observed

after 5 h. TEM analysis also revealed minimal damage to

nuclei and mitochondria following treatment. Indices of apo-

ptosis, LDH and MDA are widely used to investigate oxida-

tive damage (Szczubial 2015; Tan et al. 2010; Yuan et al.

2017). LDH is released from the cytoplasm into the superna-

tant when cell membrane permeability increases, and MDA

levels increase following biofilm lipid peroxidation induced

by ROS (Tan et al. 2010). Our current results indicated a

continuous increase in apoptosis, LDH and MDA upon in-

creasing duration of heat stress from 1 to 5 h. However, pre-

treatment with vitamin C significantly reduced apoptosis,

LDH and MDA, and the vitamin C-Na group displayed a

significant reduction at 5 h for apoptosis, and at 1, 3 and 5 h

for LDH. These results suggest that vitamin C protects H9C2

cells against heat stress damage, and the effects of vitamin C

are enhanced by the inclusion of sodium bicarbonate in the

pre-treatment.

To explore the underlying mechanisms of the protection to

H9C2 cells by vitamin C against heat stress-induced damage,

we measured the antioxidation ability of cells, including SOD

activity and ROS levels, and investigated the expression of

HSPs. ROS and SOD levels reflect the prooxidant and anti-

oxidant balance; ROS are induced by heat stress, which en-

hances the ability of oxidants and decreases the ability of

antioxidants (Lin et al. 2006). In our experiments, the intensity

of green fluorescence increased with increasing duration of

heat stress, and the peak shifted to the right with increasing

heat stress. However, compared with the control group at the

same timepoint, green fluorescence was weaker in the vitamin

C group and vitamin C-Na groups, and the peak was shifted to

the left, indicating less ROS generation under the same heat

stress conditions. These results suggest that vitamin C and

vitamin C-Na efficiently scavenged heat-induced ROS, con-

sistent with previous studies (Kazim et al. 2002; Morrison

et al. 2015; Tan et al. 2010).

SOD is an important endogenous antioxidant enzyme that

scavenges ROS, and SOD activity reflects the endogenous

antioxidant ability of cells (Tan et al. 2010). Cell damage

can decrease SOD activity (Ahmad et al. 2017), as demon-

strated following heat stress for 1 and 3 h. However, after

further heat stress at 5 h, SOD activity recovered slightly but

was still lower than that at 1 h. Surprisingly, compared with

the 0 h timepoint in the control group, the SOD activity at 0 h

in the vitamin C and vitamin C-Na groups was significantly

reduced. This could be because supplementation with vitamin

C or vitamin C-Na greatly enhanced exogenous antioxidants,

which decreased the need for endogenous antioxidants.

Similarly, supplementation with vitamins C and E prevented

SOD2 protein expression and lowered total SOD activity in a

previous study (Cumming et al. 2014).

Heat shock proteins (HSPs) mediate important endogenous

protective mechanisms to assist acclimatisation to changing

environments and protect against various stressors such as heat,

cold, bacteria, viruses and UV (Garrido et al. 2001; Ruell et al.

2009). Under stress condition, HSPs can be considered an im-

portant indicator of the ability of cells to resist damage and

adapt to environmental stress (Xu et al. 2017b). Heat stress

can induce expression of HSPs to protect cells against thermal

injury (Dangi et al. 2015; Sottile and Nadin 2017; Tang et al.

2016b). CRYAB, expressed in most organisms, stabilises the

cell cytoskeleton, and has anti-apoptotic activities associated

with the cell cycle (Garrido et al. 2001; Tang et al. 2016a;

Tang et al. 2016b). Hsp27 is a small HSP that functions as a

molecular chaperone and has anti-apoptotic activities that are

closely related to the p38 pathway (Shashidharamurthy et al.

�Fig. 7 CRYAB, Hsp27, Hsp47, Hsp60, Hsp70, Hsp90 and Hsp110

protein levels detected using Western blotting relative to the

housekeeping protein GAPDH. Heat stress decreased expression of

CRYAB, but induced other HSPs. Hsp27 and Hsp70 were increased

from 1 to 5 h, Hsp47, Hsp60, Hsp90 and Hsp110 were induced at 1

and 3 h, but levels had begun to decrease at 5 h. Following

supplementation with vitamin C or vitamin C-Na, only for CRYAB or

Hsp70 was compared with controls; vitamin C and vitamin C-Na signif-

icantly induced CRYAB expression at 0 and 1 h, and upregulated

Hsp70 at 3 and 5 h. *p < 0.05, **p < 0.01compared with 0 h in the control

group; #p < 0.05, ##p < 0.01means supplements group compared with the

control group or compared between the two supplements at the same

timepoint
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2005). Hsp60 is mostly distributed in mitochondria and plays

an important role in refolding misfolded proteins under various

stress conditions (Song et al. 2016). Importantly, inducing

Hsp70 expression can effectively improve cell survival and

attenuate stress damage (Sahin et al. 2009; Xu et al. 2017a;

Xu et al. 2017b). Heat stress also induces Hsp90, which can

help its client proteins mostly associated with cellular pro-sur-

vival/anti-apoptotic signal transduction pathway to maintain

their correct molecular structure (Chrisostomos et al. 2000;

Wang et al. 2017). Hsp110 also performs an important protec-

tive function by suppressing protein aggregation induced by

stress (Yamagishi et al. 2003). In the present work, six of the

seven HSPs (Hsp27, Hsp47, Hsp60, Hsp70, Hsp90 and

Hsp110) were upregulated at both the mRNA and protein

levels following heat stress while CRYAB was downregulated.

The production of HSP induced by heat stress has close rela-

tionship with generation of ROS. Several studies have shown

that some level of ROS is needed for proper HSF1/HSP acti-

vation, and the use of antioxidants (Quercetin or Gingko

biloba) can inhibit heat shock response (Dokladny et al.

2006; Westman et al. 2000; Zanini et al. 2007). However, in-

duction was not increased linearly with increasing heat stress in

all cases; when heat stress was continued for 5 h, transcription

of Hsp70 and Hsp90 began to decrease, and the same was true

for Hsp27 and Hsp90 protein levels. The reason for this may be

associated with a decrease in the ability of cells to the thermal

damage accrued. Surprisingly, CRYAB expression decreased

following heat stress, although this is consistent with the ob-

served decrease in CRYAB in rat heart following heat exposure

for 20, 60, 80 and 100 min reported previously (Tang et al.

2016a). The underlying reasons clearly require further study.

CRYAB acts as a molecular chaperone to suppress cellular

apoptosis, and it combines with F-actin tomaintain cytoskeletal

structure and regulate the cell cycle (Bakthisaran et al. 2015).

Thus, we hypothesise that the observed decrease in CRYAB

expression may reflect overutilisation/consumption.

Pre-treatment with 20 μg/ml vitamin C or vitamin C-Na for

16 h induced basal expression of CRYAB and Hsp60 at 0 h,

and increased expression of CRYAB and Hsp70 further upon

heat stress, which may contribute to the protective functions,

consistent with previous reports (Camins et al. 1999; Khassaf

et al. 2003). However, supplementation with vitamin C could

decrease the expression of Hsp70, possibly because vitamin C

scavenges ROS, thereby lowering ROS levels and weakening

stress-induced Hsp70 expression (Mahmoud et al. 2004). We

believe these differing responses to vitamin C are closely relat-

ed to the concentration of vitamin C and the incubation time.

When the vitamin C concentration and incubation time are

below the threshold to initiate stress, vitamin C may only per-

form an antioxidant function without induction of HSPs.

However, when the vitamin C concentration and incubation

time are sufficient to initiate slight stress without excessive

damage, vitamin C may act as an antioxidant and upregulate

HSPs. A 20μg/ml pre-treatment of vitamin C for 16 h appeared

to induce slight stress in H9C2 cells in the present study.

Conclusion

Supplementation with 20 μg/ml vitamin C or vitamin C-Na

protected H9C2 cells from heat damage by increasing the

antioxidant ability and inducing expression of CRYAB and

Hsp70.
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