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Abstract

Gravitational perturbation altered gene expression and increased glucose consumption in 

spaceflown Jurkat cells. The purpose of this study was to determine if the acceleration experienced 

during launch was responsible for these changes. In ground-based studies, cells were subjected to 

typical launch centrifugal acceleration (3g of force for eight minutes) and centrifugal force of 90g 

for five minutes (commonly used to sediment cells) in a laboratory centrifuge. Controls consisted 

of static cultures. Gene expression was analyzed by RT-PCR. pH and glucose concentrations were 

evaluated to monitor metabolic changes. Comparison with controls indicated no significant change 

in pH or glucose use. Gene expression of Jurkat cells subjected to 3g or 90g of force was altered 

for only two genes out of seven tested. This research suggests that the changes observed in Jurkat 

cells flown on STS-95 were not a result of launch acceleration but to other conditions experienced 

during space flight.
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INTRODUCTION

Life on Earth has evolved in the presence of gravity, and the development of all species has 

been deeply impacted it. Gravity has not been investigated from the perspective of its effect 

on life on Earth until recently (1, 2) because humans have always lived on the surface of the 

planet in the presence of practically uniform gravity. Man is today capable of venturing into 

space and has established human habitats in outer space, spending extended periods aboard 

space stations. While these expeditions in microgravity conditions have been valuable for 

furthering scientific knowledge, they have also entailed some compromises to the health of 

astronauts as demonstrated by changes in the immune system and decrease in bone mass (3).

Effects have been notice on humans (4), animals (5, 6) and several types of mammalian cells 

(7–11) exposed to altered gravity conditions and hyper-gravity has been found to have 
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effects on growth factor levels (12) and metabolism (13). Furthermore, altered gravity 

conditions modify cell structure, disturb nuclear architecture and the cytoskeletal network as 

well as affect gene expression (14–16) and aberrations occur in the signaling pathways 

responsible for integration of cellular regulatory cues (17).

Unlike bacteria and paramecia, some mammalian cells appear to experience a two to three 

fold decrease in growth rate in microgravity compared to ground controls and human T 

lymphocyte growth is severely blunted (1). Although reasons for decreased growth are not 

completely understood, there is evidence that retarded cell growth may be an outcome of 

cellular adaptation involving changes in cellular membranes or the cytoskeleton (14, 18). 

Another plausible reason is starvation due to depletion of nutrients in the local 

microenvironment around the cell. This can occur because the lack of sedimentation in 

microgravity results in absence of convective mixing leaving cells without adequate access 

to nutrients required for growth. Also, the spent metabolic products may accumulate around 

the cells. Brownian motion and diffusion are not affected in microgravity, hence some 

limited mixing can occur. Lewis et al. (1998) reported a lack of increase in cell growth in 

samples held static in spaceflight or subjected to an in-flight 1g centrifuge, which could 

promote some metabolite mixing. This showed that even with some mixing, cells still did 

not grow in microgravity (14) indicating that the reason cells cease to grow could be a 

response to other factors in the microgravity environment.

Spaceflight altered gene expression in lymphocytes flown on the space shuttle STS-95 

mission (16). Microarray gene analysis showed that numerous structural and metabolic 

genes were either up- or down-regulated. In the present study, tests were conducted to 

determine if expression of the metabolic genes (Thioredoxin, Transketolase, Apolipoprotein 

C-IV, Xanthine dehydrogenase, Prostaglandin endoperoxide synthase1, Glyceraldehyde-3-

phosphate dehydrogenase, Lactate dehydrogenase A) would be affected in cells subjected to 

simulated shuttle launch acceleration (3g) compared to static controls and cells centrifuged 

at 90g (the force generally used to sediment cells for laboratory experiments). Genes were 

selected based on results from the STS-95 mission (Table 1).

The information gained from a better understanding of the effects of altered gravity on 

metabolic genes in these ground-based studies as well as cells flown in space can lead to the 

development of new biopharmaceutical products, may aid in the refinement of 

countermeasures to offset the negative physiological effects of long-duration spaceflight, 

and may also be applied to health problems on Earth.

MATERIAL AND METHODS

Cell Culture

The human lymphoblastoid cell line, Jurkat clone E6-1, was obtained from the American 

Type Culture Collection (ATCC, Rockville, MD). Jurkat cells were used as they are easily 

cultured, their use reduces growth variables associated with peripheral lymphocytes 

preparations, and results from these experiments can be compared with those from previous 

spaceflight experiments, such as STS-95, in which Jurkat cells were used.
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Culture medium was identical to that used for spaceflight experiments conducted in STS-95. 

The medium was prepared in the following manner: to 500ml of RPMI 1640 medium (Irvine 

Scientific, Santa Ana, CA), 5ml of 2mM L-glutamine (Life Technologies, Grand Island, 

NY), 6.25ml of 12.5mM Hepes buffer (Life Technologies, Grand Island, NY), 5ml of 100X 

non-essential amino acids (Life Technologies, Grand Island, NY), 5ml of 1mM sodium 

pyruvate (Life Technologies, Grand Island, NY), 5ml of 100 units Penicillin and 100mg/ml 

Streptomycin (Life Technologies, Grand Island, NY), and 50ml of 10% FBS (Summit 

Biotechnologies, Santa Ana, CA) were added. The cells were cultured at 37°C in a 

humidifiedCO2 incubator. The cells were maintained at a density of approximately 200,000 

to one million cells/ml. Cell viability was determined by Trypan blue dye (Life 

Technologies, Grand Island, NY) exclusion.

Cell Growth Evaluations

At each time point tubes were gently inverted several times to uniformly suspend the cells 

and a sample was removed for cell growth evaluation. Cells were counted using a 

hemocytometer and growth was expressed as the mean and standard deviation of total cells 

in five grids.

Hypergravity

Jurkat cells were subjected to hypergravity in a Damon/IEC Division tabletop centrifuge 

(model: I.E.C.HN-S), to produce a centrifugal force of 3g (200rpm) and 90g (1,000rpm). 

These centrifugal force calculations were done using the formula RCF=1.12R (N/1000)2 

where R is radius in millimeters from the center of the centrifuge spindle to the tip of the 

tube, and N is the speed of the centrifuge in RPM. In a typical shuttle launch, the shuttle 

experiences 3g of force for approximately eight minutes (19). A 90g centrifugal force was 

tested because this is the speed generally used to sediment cells for laboratory experiments.

For 24 hours before the centrifugation test, the cells were cultured in RPMI 1640 medium 

with 2% FBS. Just prior to centrifugation, medium with 22% serum was added to bring the 

serum concentration to 10% and stimulate growth. This procedure mimics the handling of 

cells flown on STS-95.

Cells, suspended in medium, were loaded without headspace into 5 ml syringes and the 

syringes were placed in 50ml centrifuge tubes for centrifugation. Each syringe contained 1.5 

million cells/ml in 5ml of medium. After centrifugation, the cells were resuspended by 

gently inverting the syringes. The syringes were then placed in the tissue culture incubator 

and samples were taken for evaluation at 4, 24 and 48hrs respectively, with the exception of 

the 0hr sample, which was sampled immediately.

For all tests, the cell solution was placed into two 2ml microcentrifuge tubes and spun at 

1,000 rpm for 1 minute. The medium was immediately decanted into 2ml microcentrifuge 

tubes and stored for glucose and pH analyses while the pellets were quick-frozen at −80°C 

until RNA extraction was performed.
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Primers

Gene sequences for RT-PCR analysis were obtained from the Entrez Nucleotide website. 

These sequences were entered into MacVector 6.0 (Accelrys Inc., San Diego, CA) that 

provided a list of possible primers. The selected primers (Table 2) were obtained from 

Research Genetics, Inc (Huntsville, AL).

RNA Extraction

The RNA extraction was performed using Trizol (Life Technologies, Grand Island, NY) 

according to manufactures instructions. The RNA concentration was determined using a 

spectrophotometer (Gene Quant II, Pharmacia Biotech, Cambridge, England). The 

absorbance at 260 and 280 was recorded and agarose gels run at 120 volts for 40 minutes 

were used to assess the quality of the RNA. The remainder of the sample was stored at 

−80°C until the RT-PCR reaction was performed.

One-Step Reverse Transcriptase-PCR

The RT-PCR reaction was performed on a cold block at 10°C using the SuperScript One-

Step RT-PCR kit (Life Technologies, Grand Island, NY). To each microcentrifuge tube, 

25μl of 2X-reaction mixture, 1μl of RT/Taq mix, forward and reverse primers, 1μl each, 

(Research Genetics, Huntsville, AL) were added. Between 0.5 and 1μg of RNA was added 

to the tube. DEPC water was added to bring up the volume to 50μl. The cDNA was 

synthesized by one cycle at 55°C for 30 minutes and 94°C for two minutes. The PCR cycles 

were 94°C for 30 seconds; annealing temperature for 30 seconds; and 72°C for one minute. 

35 cycles were performed. Samples were run on a 1% agarose gel at 115 volts for 40 

minutes.

Band intensities were determined using the National Institute of Health Image 6.0 software. 

Ratios between control and test samples were calculated. Ratio differences of 2.0 or above 

were considered significant changes in expression.

Glucose and pH Analysis

At each time point, the pH was obtained from medium samples using a 170 pH/Blood Gas 

System (CIBA-Corning, Medfield, MA). In order to determine the glucose levels in the 

medium, a Beckman II Glucose Analyzer (Beckman Coulter, Fullerton, CA) was used. 

Culture medium samples were evaluated in triplicate readings, and the mean and standard 

deviation were calculated for each sample.

RESULTS

Analysis of Growth and Metabolic Activity

There is no notable difference in the rate of cell growth at 24 hours among the gravity 

conditions of 3g, 90g and static control. However, after 24 hours, the rate of growth of cells 

subjected to 90g is greater than that at 3g and the static control (Figure 1A).

Jurkat cells perturbed by hypergravity showed no difference in metabolic activity. The pH of 

the media (3g, 90g and static) decreased equally over the 48 hour culture period (Figure 1B). 
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shows Glucose consumption increased over the 48 hour period in cells under all gravity 

conditions, 3g and 90g and in the static control (Figure 1C).

Analysis of Metabolic Genes Expression

A 3g (200 rpm) force was simulated by using a laboratory tabletop centrifuge to investigate 

whether gene expression, could be affected by shuttle launch acceleration. The 90g 

centrifugal force was also tested because this is the speed generally used to sediment cells 

for laboratory experiments.

Thioredoxin, transketolase, prostaglandin endoperoxide synthase 1, glyceraldehyde 3 

phosphate dehydrogenase were expressed in 3g, 90g and static control (Figure 2). However 

xanthine dehydrogenase and apolipoprotein C-IV were variably expressed in these gels. The 

intensity ratios (Table 3) indicate that gene expression was not affected significantly in the 

3g or 90g test condition when compared to the control except for apolipoprotein C-IV and 

xanthine dehydrogenase. Apolipoprotein C-IV was up-regulated at 0 hour by a factor of 2.5 

times at 3g and by 10 times at 90g. Xanthine dehydrogenase was down-regulated at 3g.

DISCUSSION

Jurkat cells exposed to spaceflight manifest differential gene expression for metabolic genes 

(Table 1), growth arrest and increase in glucose utilization (14, 16). These led us to consider 

whether metabolism in these cells may be altered by space shuttle launch acceleration and to 

determine if it could cause metabolic gene expression changes. Data indicates that exposing 

cells to 3g and 90g only affected the expression of Apolipoprotein C-IV (apoC-IV) and 

Xanthine dehydrogenase A (XDH) at the examined time point.

Experiments performed to test the effect of centrifugal acceleration on growth and 

metabolism of Jurkat cells showed that 3g did not affect Jurkat cell proliferation (Figure 

1A). There was no major difference in the rate of cell growth at 24 hours between 3g, 90g 

and static control. However, after 24 hours, the rate of growth of cells subjected to 90g was 

significantly higher than that of 3g and the static controls. Cogoli and Tschopp demonstrated 

that lymphocytes when subjected to increasing hypergravity show increased growth rate 

when compared to their static counterparts (20). This increase is probably due to the 

increased production of cMyc, which increases cell growth (21). Since the response of 

Jurkat cells to hypergravity is opposite to microgravity (retarded cell growth), it is proposed 

that there is a continuum of morphological effects from microgravity to hypergravity (22).

The pH of the media (3g, 90g and static) fell over the 48 hour culture (Figure 1B). This 

decrease in pH indicated that as the cells increased in number. The dissolved carbon dioxide 

levels increased as a function of time while the dissolved oxygen levels decreased (data not 

shown), further illustrating that the cells were engaged in metabolic activity. Figure 1C 

indicates that glucose consumption increased over the 48 hour period in cells exposed to 3g 

and 90g and in the static control. These data demonstrate that cells were actively 

metabolizing and clearly illustrate that centrifugal acceleration at 3g and 90g does not inhibit 

cell growth or metabolic activity in Jurkat cells.
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With the exception of apolipoprotein C-IV and xanthine dehydrogenase, which showed 

significant changes in expression, centrifugal acceleration of 3g and 90g appears to have no 

notable effect on the expression of the metabolic genes tested in Jurkat cells. Hence, the 

differences in expression of metabolic genes observed in spaceflown cells (STS-95) appears 

to be a result of other factors characteristic of spaceflight or the microgravity environment 

per se. The effects of centrifugal acceleration on gene expression at the 24 and 48hrs time 

points needs to be examined as well as the effects of vibration and radiation, factors also 

associated with spaceflight. There is a critical need for future opportunities to fly cells in 

space to address to resolve why T lymphocytes do not grow in microgravity as the function 

of these cells is vital to human health.
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Figure 1. Growth Curve, pH and Glucose Consumption for 3g, 90g and Static Control
Cells were suspended in medium with 2% serum 24 h before centrifugation to mimic the 

STS-95 shuttle flight experiment, as described in Materials and Methods. A) Cell Growth 

Curve: Cells were counted after centrifugation (0 h). Subsequent counts were made 4, 24 

and 48 hrs. Each data point represents the mean and SD of cells counted in five 

hemacytometer squares. The pH (B) was obtained from medium samples using a 170 pH/

Blood Gas System and glucose levels (C) using a Beckman II Glucose Analyzer. Culture 

medium samples were evaluated in triplicate readings, and the mean and standard deviation 

were calculated for each sample.
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Figure 2. Gene Expression – Centrifugal Acceleration at 0 Hour
mRNA was extracted and RT-PCR was conducted as described in Materials and Methods. 

Representative PCR gels are shown for static control, 3g and 90g. Lanes for each panel are 

as follows: lane 1 DNA ladder; lane 2 Thioredoxin; lane 3 Transketolase, lane 4 

Prostaglandin Endoperoxide Synthase 1; lane 5 ApolipoproteinC-IV; lane 6 Lactate 

dehydrogenase A; lane 7 Glyceraldehyde-3-phosphate dehydrogenase; lane 8 Xanthine 

dehydrogenase A.
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Table 1

Expression of Metabolic Genes during Spaceflight

Gene Expression Time point

Thioredoxin −2.21 48hrs

Transketolase 3.76 48hrs

Apolipoprotein C-IV 3.0 24hrs

Xanthine dehydrogenase 26.8 48hrs

Prostaglandin endoperoxide synthase 1 2.30 48hrs

Glyceraldehyde-3-phosphate dehydrogenase −2.49 48hrs

Lactate dehydrogenase A −3.42 48hrs

Relative expression of metabolic genes during STS-95. Ground controls were compared with space-flown samples at 24 h and 48 h by cDNA 
microarray (16).
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Table 2

Primer Sequences

Sequence Name Forward Sequence (5′-3′) Reverse Sequence (5′-3′)

Thioredoxin CAACCCTTTCTTTCATTCCCTCTC GCAGATGGCAACTGGTTATGTCTTC

Transketolase(Trans) TCAAGCCCCTGGACAGAAAAC GCACCTTTCCCAGAATCTCAG

Prostaglandin endoperoxide synthase 1 (PGH1) GCTCGTATCCCAAATCTGTCAGC AGCTGCCATGAGTCAAGACCTG

ApolipoproteinC-IV (apoC-IV) AAGACAGCCTCTTGAAGAAGACCC TTGAAGTCCCCCATTCTCCG

Lactate dehydrogenase A (LDHA) ACGGTAAACATCCACCTGGCTC TGACTCTGACTTCTGAGGAAGAGGC

Glyceraldehyde phosphate dehydrogenase (GADP) TCTCCTTGACTTCAACAGCGAC TGGATACATGACAAGGTGCGG

Xanthine dehydrogenase TTTGGCAGCATCCCCATTG CTCTTTAGACCCTCACAGACCAGG

Primers selected from list of candidates provided by MacVector 6.0 as described in Materials and Methods.
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Table 3

Ratio of Expression – Centrifugal Acceleration at 0 Hour

Lane # Gene Ratio of Expression

3g/Static 90g/Static

1 100 bp Ladder

2 Thioredoxin (thio) 1.1 1.1

3 Transketolase (tran) 1.2 1.0

4 Prostaglandin Endoperoxide Synthase 1 (PGH1) 1.4 1.6

5 ApolipoproteinC-IV (apoC-IV) 2.5 10.0

6 Lactate dehydrogenase A (LDHA) 0.83 0.7

7 Glyceraldehyde-3-phosphate dehydrogenase (GADP) 1.2 1.0

8 Xanthine dehydrogenase A (XDH) 0.5 .63

Densitometry values were obtained as described in Materials and Methods. With the exception of apolipoprotein C-IV and xanthine 
dehydrogenase, centrifugal acceleration of 3g and 90g appears to have no notable effect on the expression of the metabolic genes tested in Jurkat 
cells.

*
0.5 – 1.5: Normal expression; >2.0: Up-regulation; <0.5: Down regulation
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