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Abstract

Background: Long-term microgravity in spaceflight has been dem-
onstrated with induction of multi-organ damage and dysfunction, in-
cluding the dorsal root ganglia (DRG) injury. Present studies investi-
gated protective effects of oral pyruvate in drinking water on lumbar 5
(L5) DRG tissues in rats subjected with hindlimb unweighting (HU).

Methods: Sprague-Dawley male rats were randomly divided into
four groups (N = 10): the control (CON) group, the suspension (SUS)
group, the normal saline (SAL) group and the sodium pyruvate (PYR)
group, respectively. Rats in the SUS, SAL and PYR groups were
treated with simulated microgravity by HU with tail suspension for
an 8-week period. Rats in the SAL and PYR groups were fed with
normal saline and pyruvate saline, respectively. Histopathological
hematoxylin-eosin (H&E) staining and Nissl-stained neurons as well
as myelin sheath immunofluorescence examinations in L5 DRG tis-
sues were carried out. The protein expression of glial cell line-derived
neurotrophic factor (GDNF), glial fibrillary acidic protein (GFAP),
neuron-specific enolase (NSE) and S100 calcium-binding protein B
(S100B) as well as the levels of adenosine triphosphate (ATP) and
adenosine triphosphatase (ATPase) were also determined after HU
procedures.

Results: Data showed that nerve tissues’ structure and function were
robustly altered in L5 DRG of the SUS and SAL groups, whereas
morphological changes were not significantly different between the
PYR group and the CON group; levels of GDNF, GFAP, NSE and
S100B were significantly changed in the SUS and SAL groups, but
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mostly preserved or overexpressed in group PYR following the HU
injury. However, levels of ATP and ATPase were significantly re-
tained, but still worse in the PYR group than in the CON group. The
significance of oral pyruvate protection against DRG injury follow-
ing the HU and the dose and formula of oral pyruvate solutions were
discussed for the use of astronauts in space missions.

Conclusions: This study indicates that oral pyruvate can effectively
protect L5 DRG against the damage of pathological alterations and
dysfunction induced by the HU in rats. Further investigations are
needed.

Keywords: Dorsal root ganglia; Glial cell line-derived neurotrophic
factor; Hindlimb unweighting; Neuron; Pyruvate

Introduction

Many previous studies demonstrate that astronauts are subject-
ed to physiological and metabolic alterations and multi-organ
injury in spaceflights, including bone loss and muscle atrophy,
cerebral and spinal cord injury (SCI), cardiovascular, immune
system disorders and so on. However, effective interventions
are still lacking [1-5].

Dorsal root ganglia (DRG) as a critical anatomical struc-
ture play a crucial role in the transmission of sensation of pain
injury. Many neurotrophic factors and neurotransmitters are
also synthetized in the DRG, which exert important impacts
on the nervous nutrition and injury repair. The changes of neu-
rotrophic factor expressions and genomics and the degenera-
tive alteration of myelin sheath occur in the fifth lumbar spine
(L5) DRG in simulated microgravity, as shown previously in
rats [4, 5]. These aberrances illustrate the microscopic nervous
damage.

Pyruvate is an important intermediate product of glycoly-
sis, which connects glucose anaerobic and aerobic metabolism.
It is not only an energy substrate, but also an anti-inflammato-
ry and anti-oxidative stress agent. Pyruvate possesses several
beneficial physiological and pharmacological properties in the
prevention from glucometabolic disturbances and the protec-
tion against mitochondrial dysfunction. Therefore, it is multi-
organ protective against various pathogenic stimuli [6-8]. Sev-
eral studies have demonstrated that pyruvate has apparently
protective effects against central and peripheral nerve damage
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induced by various noxious insults [9-11]. Importantly, recent
findings demonstrated that a novel pyruvate-enriched oral re-
hydration solution ((Pyr-ORS: equimolar pyruvate substitute
of citrate or bicarbonate in the World Health Organization-
directed ORS (WHO-ORY)) robustly preserved visceral blood
flow and organ function, corrected hypoxic lactic acidosis and
enhanced survival in oral rehydration of animals subjected to
severe shock [11-13]. Enteral pyruvate in Pyr-ORS as intra-
venous pyruvate also remarkably sustained cerebral neurons’
structure and function following ashyxial cardiac arrest in ani-
mal studies [11, 14].

Following our prior findings [5], the present study focuses
on investigation of protective effects of oral pyruvate on the
DRG injury in rats subjected to simulated microgravity, further
highlighting the changes in the histopathological structure and
metabolism of DRG nervous cells, and displays the first evi-
dence for oral pyruvate in the prevention and treatment of the
back pain and beyond for astronauts in spaceflight missions.

Materials and Methods

Animal and tissue preparation

Forty 3-month-old Sprague-Dawley male rats (180 = 20 g),
obtained from the Animal Experimental Center of the Acad-
emy of Military Medical Sciences, Beijing, were assigned to
four groups (N = 10): the control (CON) group, the suspen-
sion (SUS) group, the normal saline (SAL) group and the so-
dium pyruvate saline (PYR) group. The rats in SUS, SAL and
PYR groups were simulated with microgravity effects in the
hindlimb unweighting (HU) model by the tail suspension [8].
The hind limbs (legs) of rats were held off the horizontal plane
approximately at a 30° angle. Rats in groups CON and SUS
were fed with regular laboratory water. The rats in group SAL
and PYR were orally taken with 0.9% sodium chloride solution
(normal saline, NS, [Na*] 154 mmol/L, [C]] 154 mmol/L) and
sodium pyruvate saline ([Na*] 154 mmol/L, [Cl-] 104 mmol/L
and [Pyr] 50 mmol/L) daily to replace the conventional labora-
tory water during the experiment, respectively. Pyruvate saline
was prepared in the laboratory following Zhou’s invention pat-
ent formula in 2006: 0.61% NaCl + 0.55% NaPyr. The total
volume of drinking water fed daily was about 30 + 10 mL each
rat. Experimental rats were subjected with HU for a period of
8 weeks following 1 week of adaptive suspension. Rats were
placed in a 12-h light/dark cycle with the standard laboratory
light and food during experimentation. Rats were anesthetized
by sodium pentobarbital (intraperitoneally (IP) 40 mg/kg), sac-
rificed and dissected after the 8-week experiment. The bilateral
lumbar 5 (L5) DRG of rats, which were in the size of about
1 - 1.5 mm each ganglion, were quickly excised and frozen in
liquid nitrogen with isopentane except the part of tissues for
regular hematoxylin-eosin (H&E) staining [5]. Sodium pyru-
vate was obtained from Sigma Co. (St. Louis, MO) and normal
saline (Cisen Pharmaceutical Co., China) was acquired from
the Animal Laboratory of PLA General Hospital, Beijing.

In each rat, part of the tissue was used for histopatho-
logical examinations and the rest was for other determinations
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from each dorsal root ganglion (n = 20, bilateral DRG). A cry-
otome cryostat (Microm, Heidelberg, Germany) was used for
cryopreservation of the frozen tissue blocks prior to sectioning
and other determinations.

The protocols in the experiment were approved by the
Guidelines of Animal Testing Committee in the PLA General
Hospital, Beijing, China. Animal care and treatment proce-
dures were according to the Guiding Principles for Animal
Care and Use of the Department of Physiology and Sciences,
Beijing, China.

H&E staining

A part of the L5 DRG tissue sample in each group was fixed in
formalin for 24 h, washed and dehydrated by ethanol gradient,
as described previously [5]. The tissue blocks were regularly
embedded in paraffin treated with dimethyl benzene and then
sliced in cross-sections. The tissue sections were incubated at
60 °C for 1 h, finally dewaxed with xylene, dehydrated with
ethanol and conventionally stained with H&E. A light micro-
scope was used for the H&E stain examination.

Nissl body with toluidine blue staining

Briefly, one section was selected in every five-section inter-
val, tissue sections of bilateral DRG (n = 20) were washed
by phosphate buffered saline (PBS) placed on the coverslips
and then fixed in 4% paraformaldehyde for 30 min and stained
with 1% toluidine blue at room temperature for 30 min. The
tissue sections were then washed with absolute ethanol, dried
and finally coverslipped [5]. The sections were analyzed with
a light microscopy (* 400, OLYMPUS BX46). The research-
ers blindly observed the experimental samples. The quantities
of Nissl-stained neurons per 1 mm? region of the five random
areas were counted each slice in average. Finally, totally five
slices with well staining were randomly selected from bilateral
DRG and averagely evaluated in each rat (N = 10), using the
optical microscopy with the image tool software (Nikon NIS-
Elements, USA).

Myelin sheath immunofluorescence

A series of continuous cross-section of bilateral L5 DRG tis-
sues (n = 20) were conducted at a 20-pum thick and one section
was selected in every five-section interval for the immunofluo-
rescence determination to evaluate the expressions of myelin
sheath, as described previously [15]. Briefly, for staining, the
tissue sections were thawed at room temperature for 30 min.
Tissue sections were washed with PBS and incubated with 3%
hydrogen peroxide for 10 min. Then, sections were rinsed by
normal goat serum at room temperature for 2 h and incubated
with the primary antibody of polyclonal degenerate myelin ba-
sic protein (dgen-MBP) (1:1,000, Chemicon Inc., Temecula,
USA) at 4 °C overnight. After rinsing again, tissue sections
were further incubated at 4 °C overnight with the secondary
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antibody of donkey anti-rabbit IgG-FITC (1:200, Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA).
Next, sections were washed three times with PBS for 10 min
each time. At last, tissue sections were mounted, using Flour-
save mounting reagent (Cal Biochem, La Jolla, USA). Finally,
five slices with optimal staining were randomly chosen per rat
for the evaluation (N = 10). The fluorescence intensity of im-
ages was collected and comparisons among groups were car-
ried out following the stained area and the mean integrated
optical density (OD). The mean OD values were analyzed as a
semi-quantitative measurement index, using Image J software
(National institute of Health, USA).

Western blot analysis

The L5 DRG tissues were prepared for conducting Western blot-
ting, as previously described [5, 16]. Briefly, bilateral DRG pro-
teins from part of the tissues in each rat (N = 10) were extracted
by the experimental standard method and the protein contents
were determined by the Bradford method. The cell lysates were
separated, using SDS-PAGE, then transferred to the PVDF mem-
branes. The membranes were blocked in TBST accommodated
5% skim milk at room temperature for 30 min, followed by in-
cubation with a primary antibody (1:1,000, rabbit anti-rat glial
cell-derived neurotrophic factor (GDNF) (ab64337, Abcam);
1:1,000, rabbit anti-rat glial fibrillary acidic protein (GFAP)
(ab138701, Abcam); 1:4,000, rabbit anti-rat neuron-specific eno-
lase (NSE) (ab180943, Abcam); 1:500, rabbit anti-rat S100 cal-
cium-binding protein B (S100B) (ab80508, Abcam) and 1:5,000,
anti-B-actin (ab95437, Abcam)) at 4 °C overnight, respectively.
The blots were washed by TBST and incubated in a secondary
antibody (goat anti-rabbit IgG (1:2,000, Abcam)) at 37 °C for
1 h. The protein expressions were visualized with the enhanced
chemiluminescence (ECL) reagent (Amersham, Cleveland, OH,
USA) and each membrane was exposed to Hyperfilm (Amersh-
am). The intensity values of GDNF, GFAP, NSE and S100B were
measured, using the Quantity-One software (BIO-RAD, USA) in
comparison to B-chain. The relative ratios were expressed with
results for the four proteins, respectively.

Tissue ATP content

A part of the bilateral L5 DRG tissues in each rat (n = 20) was
quickly homogenized for preparing the tissue lysate, then, pro-
tein concentrations were determined. The ATP level in DRG
tissues (N = 10) was measured by absorbance values, as de-
scribed previously [17]. Tissue ATP contents were determined
stringently according to the instructions obtained with the test
kit (model: A095-1-1) acquired from Nanjing Jiancheng Bio-
engineering Institute, China. At last, the absorbance value at
636 nm was read with each tube by high-performance liquid
chromatography (HPLC, Agilent Co., USA). The ATP contents
of test samples were calculated, according to the following for-
mula provided by the test kit: ATP content (nmol/gprot) = (test
tube-control tube)/(standard tube-blank tube) x standard con-
tent % dilution times + protein (gprot/L)
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Tissue ATPase activity

Strictly according to the ATPase test kit (model: NKATP-1-Y)
procedures (SuZhou Comin Biotechnology Co., Ltd, Chi-
na), part of bilateral L5 DRG tissues (n = 20) was accurately
weighed; the weight over volume ratio of 1:9 was prepared by
adding 0.9% sodium chloride solution to make the enzyme-en-
riched samples (N = 10). The sample was homogenized, then,
centrifuged at 2,000 rpm at 4 °C for 10 min. The 0.2 mL of
supernatant was taken and diluted with 0.8 mL of 0.9% sodium
chloride to make a fresh homogenate placed over ice for next
determinations. Then, enzymatic and phosphorylation reactions
were performed following the operation table in the test kit. At
last, the amount of inorganic phosphoric acid was calculated by
colorimetric determination at 660 nm (Agilent Co., USA). AT-
Pase activities were calculated according to the following for-
mula provided by the test kit: ATPase activity (umol/mgprot/h)
= (test tube-control tube)/(standard tube-blank tube) x standard
content x dilution times x 7.5 + protein (mgprot/mL)

Data analysis

The SPSS 17.0 software was employed for the statistical analy-
sis of data expressed in mean =+ standard deviation (SD). One-
way analyses of variance (ANOVA) were performed to explore
the significant differences in means among four groups. In ad-
dition, the Student’s #-test was carried out to perform the pair-
wise comparisons for the differences between each two groups.
Statistically significant difference was determined as P < 0.05.

Results

Pyruvate effects on tissue morphology in L5 DRG

H&E staining

The DRG nervous cells displayed slightly swelling and a few
of cytoplasm vacuoles in group PYR, compared to those in the
CON group. On contrast, the DRG cells appeared quite swell-
ing, gap widened in various levels, some cytoplasmic vacuoles
and an abundance of fine granular basophilic materials among
cells in groups SUS and SAL. These alterations showed more
obvious in groups SUS and SAL than in groups CON and PYR.
The cellular morphological appearance in the group PYR was
just mildly changed and close to that in the CON group (Fig. 1).

Nissl body of neuron

Nissl basophilic granules were abundant as near normal appear-
ances in neurons in groups CON and PYR. However, morpholog-
ical sizes and distribution patterns of Nissl bodies were smaller
and scattered, which were also stained lightly, in groups SUS and
SAL. The Nissl bodies in some DRG neurons also appeared dis-
associated each other in these two groups. Further, the quantified
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Figure 1. Hematoxylin-eosin (H&E) staining of L5 dorsal root ganglia (DRG) tissues in various treatment groups. In the sodium
pyruvate (PYR) group, the DRG neurons showed only mild swelling and a small amount of cytoplasm vacuoles. In the suspen-
sion (SUS) and normal saline (SAL) groups, the neurons presented quite swelling, gap widened in varying degrees and some
cytoplasmic vacuoles and there were numerous fine granular basophilic materials among the cells, as shown by arrows at cyto-
plasmic vacuoles and basophilic granules, respectively. The cell morphological appearance in group PYR was slightly changed in
comparison with that in control (CON) group (scale bars 25 pm). (a) Group CON. (b) Group SUS. (c) Group SAL. (d) Group PYR.

alterations in neuron numbers with normal stained Nissl body
were significantly lower in groups SUS and SAL than in groups
CON and PYR. The numbers of stained Nissl body neurons had
no difference between the two latter groups (Fig. 2A, B).

Degenerated-MBP expression

In groups SUS and SAL, cell numbers with dgen-MBP were in-
creased relative to groups CON and PYR; the cells were inflated
and cellular boundaries were vague with dense fluorescent in-
tensity in the immunofluorescence determination. These changes
were not significantly shown in groups CON and PYR (Fig. 3A).
The mean OD values of dgen-MBP, which reflected the fluores-
cence intensity, were significantly enhanced in the SUS and SAL
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groups, relative to the CON and PYR groups. There were statisti-
cally significant differences in mean OD values between the SUS
and SAL groups from the CON and PYR groups, as shown in
Figure 3B (P <0.01). However, no difference between both latter
groups was found in the mean OD value (P > 0.05).

Pyruvate effects on GDNF, GFAP, NSE and S100B protein
expressions in L5 DRG

GDNF expression

As shown in Figure 4, compared to group CON, simulated mi-
crogravity for 8 weeks resulted in a robust reduction in relative
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Figure 2. (A) Toluidine blue staining of Nissl bodies in L5 dorsal root gan-
glia (DRG) neurons in various treatment groups. In the control (CON) and
sodium pyruvate (PYR) groups, Nissl basophilic granules were abundant
with near normal appearance. However, in the suspension (SUS) and
normal saline (SAL) groups, the Nissl bodies were lightly stained with
smaller morphological sizes and scattered distribution. In some DRG
neurons, the Nissl bodies also appeared disassociated in groups SUS
and SAL, as shown by arrows (scale bars 100 um). (a) Group CON. (b)
Group SUS. (c) Group SAL. (d) Group PYR. (B) Quantified analysis of
Nissl body staining in various treatment groups. The amounts of Nissl-
stained neurons/1.0 mm?2 in five random fields were semi-quantified by
using a light microscope (x 400; five section slices were evaluated in
average from bilateral DRG in each rat; N = 10 per group). The observed
and quantified changes were more obvious in the SUS and SAL groups
than in the CON and PYR groups and there was no significant differ-
ence in numbers of Nissl body staining neurons between groups CON
and PYR. There were statistically significant differences between groups
SUS and SAL from group PYR, respectively (**P < 0.01).

expressions of GDNF proteins in groups SUS and SAL by 21%
and 20%, respectively. On contrast, the GDNF expressions in
group PYR were 123% and 112% higher than those in groups
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Figure 3. (A) Immunofluorescence detection of L5 dorsal root ganglia
(DRG) degenerated myelin basic protein (dgen-MBP) in various treat-
ment groups. The suspension (SUS) and normal saline (SAL) groups
showed more expressions of immunofluorescent intensity of dgen-MBP
than those in the control (CON) and sodium pyruvate (PYR) groups, as
shown by arrows (scale bars 50 um). (a) Group CON. (b) Group SUS.
(c) Group SAL. (d) Group PYR. (B) Mean optical density (OD) value of
dgen-MBP in various treatment groups. The immunofluorescent inten-
sity of dgen-MBP was semi-quantitively determined in average from five
slices with optimal staining randomly chosen from bilateral DRG per rat
(N =10 per group). Mean OD values of dgen-MBP immunofluorescence
staining in L5 DRG were higher in groups SUS and SAL than in groups
CON and PYR. There were statistically significant differences between
groups SUS and SAL from group PYR, respectively (**P < 0.01).

SUS and SAL, respectively. Statistically significant differenc-

es were shown in comparison of group PYR to groups SUA,
SAL and CON, respectively (P < 0.01). Notably, the content of
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Figure 4. Relative glial cell line-derived neurotrophic factor (GDNF) ex-
pressions by Western blotting in L5 dorsal root ganglia (DRG) neurons
in various treatment groups. Simulated microgravity induced significant
reduction in GDNF expressions. There were statistically significant differ-
ences between the suspension (SUS) and normal saline (SAL) groups
from the control (CON) and sodium pyruvate (PYR) groups (n = 20 per
group). However, the protein content was significantly higher in group PYR
than in group CON. There were statistically significant differences between
groups CON, SUS and SAL from group PYR, respectively (**P < 0.01).

GDNF protein was more abundant in the PYR group than in
the CON group (P <0.01).

GFAP expression

As shown in Figure 5, the relative GFAP protein expressions
were significantly augmented in three suspension groups, rela-
tive to the CON group. The GFAP contents were around 2.5
times and 2.3 times in the SUS and SAL groups over the CON
group, respectively. But the GFAP protein in the PYR group
was decreased by 28% and 24%, relative to the SUS and SAL
groups, respectively. There was a statistically significant dif-
ference in the GFAP expression between the SUA and SAL
groups from the CON and PYR groups (P < 0.01). Also, the
content of GFAP expression was still significantly richer in the
PYR group than in the CON group (P <0.01).

NSE expression

The relative NES protein expression was decreased in the SUS
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Figure 5. Relative glial fibrillary acidic protein (GFAP) expressions by
Western blotting in L5 dorsal root ganglia (DRG) tissues in various
treatment groups. The GFAP protein expressions were significantly in-
creased in all three suspension groups. There were statistically signifi-
cant differences between groups suspension (SUS) and normal saline
(SAL) from groups control (CON) and sodium pyruvate (PYR) (n = 20
per group). Notably, the GFAP level was robustly reduced relative to
groups SUA and SAL, but still significantly higher in group PYR than
in group CON. There were statistically significant differences between
CON, SUS and SAL from group PYR, respectively (**P < 0.01).

and SAL groups, compared to the CON group, but significant
differences were not shown among them. However, it was about
doubly increased in the PYR group in comparison to other groups,
respectively (Fig. 6). There was statistically significant difference
of the NSE expression between groups CON, SUS and SAL from
group PYR, respectively (P < 0.01). Notably, NSE levels were
remarkedly higher in the PYR group than in the CON group.

S100B expression

The relative S100B protein expressions were also significant-
ly declined in the SUS and SAL groups, relative to the CON
group, respectively (P < 0.05). It was worth noting that the
S100B expression was around 3-4 folds increased in the PYR
group in comparison to other groups, respectively (Fig. 7).
There was a statistically significant difference of the S100B
expression between the CON, SUS and SAL groups from the
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Figure 6. Relative neuron-specific enolase (NES) expressions by
Western blotting in L5 dorsal root ganglia (DRG) nerve cells in various
treatment groups. The NES protein expression was very significantly
enhanced in group sodium pyruvate (PYR) relative to groups con-
trol (CON), suspension (SUS) and normal saline (SAL), respectively
(n = 20 per group; **P < 0.01). There were not significant differences
among group CON, SUS and SAL though the expressions were lower
in groups SUS and SAL relative to group CON, respectively.

PYR group, respectively (P <0.01). The S100B level of group
PYR was also notably higher relative to group CON.

Pyruvate effects on ATP and ATPase in L5 DRG
ATP content

ATP contents were decreased in all three suspension groups,
relative to the CON group. The ATP content (nmol/gprot) was
reduced by 60% and 61% in the SUS and SAL groups than in
the CON group, respectively. However, ATP levels were 35%
and 38% higher in group PYR than in groups SUS and SAL,
respectively. There was a statistically significant difference of
groups SUS and SAL from groups CON and PYR (P <0.05; P<
0.01; Fig. 8A). But the ATP level was still significantly reduced
in the PYR group, compared to the CON group (P <0.01).
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Figure 7. Relative S100 calcium-binding protein B (S100B) expressions
by Western blotting in L5 dorsal root ganglia (DRG) nerve cells in various
treatment groups. The S100B protein expression was very significantly
increased in group sodium pyruvate (PYR) relative to groups control
(CON), suspension (SUS) and normal saline (SAL), respectively (n = 20
per group; **P < 0.01), whereas the expressions in group SUS and SAL
were significantly decreased relative to group CON, respectively (*P <
0.05), but no difference was seen between group SUS and group SAL.

ATPase activity

ATPase activities were reduced in all three suspension groups
in comparison with the CON group. The ATPase activity
(pmol/mgprot/h) in the SUS and SAL groups was reduced by
57% and 59% from the CON group, respectively. However,
the activities were 42% and 51% higher in group PYR than in
groups SUS and SAL, respectively. There was a statistically
significant difference of groups SUS and SAL from groups
CON and PYR (P < 0.01; Fig. 8B). Notably, the ATPase activ-
ity in the PYR group was still significantly decreased, com-
pared with the CON group (P <0.01).

The general activity of rats in the experiment was normal
except HU, and no tail injury or death was reported.

Discussion

The female rats were excluded in the experiment due to the
sexual difference of DRG damage following HU [5].
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Figure 8. (A) Adenosine triphosphate (ATP) contents in L5 dorsal root ganglia (DRG) tissues in various treatment groups. The
ATP contents were decreased in all three suspension groups. There were statistically significant differences between groups
suspension (SUS) and normal saline (SAL) from groups control (CON) and sodium pyruvate (PYR) (n = 20 per group). However,
the ATP level was still significantly lower in group PYR compared with group CON. There was a statistically significant difference
between groups SUS and SAL from group PYR, respectively (*P < 0.05; **P < 0.01). (B) Adenosine triphosphatase (ATPase)
activities in L5 DRG tissues in various treatment groups. The ATPase activity was reduced in all three suspension groups. There
were statistically significant differences between the SUS and SAL groups from the CON and PYR groups (n = 20 per group).
However, the ATPase activity in group PYR was still significantly reduced relative to group CON. There were statistically signifi-
cant differences between groups CON, SUS and SAL from group PYR, respectively (**P < 0.01).

Major findings of pyruvate protection

Changes in morphology

The DRG are most of neurons that convert external pain stimu-
lation into internal nerve impulses and transmit them to the spi-
nal cord. However, pathological pain stimulation is induced due
to changes in cellular and myelin structure and function when
the DRG suffer from ischemia or innutrition. As demonstrated
in the alterations of L5 DRG microstructure and function under
HU [3, 5], data here further discovered that the microgravity in
rats of groups SUS and SAL resulted in significant morphologi-
cal alterations in DRG neurons: quite swelling, gap widened,
fine granular basophilic materials and cytoplasmic vacuoles
appeared as shown in the H&E staining, whereas cell features
were almost undistinguishable in group PYR from those in
group CON without experiencing HU (Fig. 1).

The Nissl bodies are composed of rough endoplasmic re-
ticulum and free polyribosomes in DRG neurons. The func-
tional status of Nissl body can determine the synthesis of nerve
growth factors and its morphology can reflect the functional
activity of neurons [18]. The altered structure or decreased con-
tent of the Nissl body staining indicates function and survival
of neurons impaired, which reduces the synthetic proteins and
relevant nutritional factors [19]. The results here showed that
after HU for 8 weeks, the amount and structure of stained Nissl
neurons in groups SUS and SAL were seriously decreased and
impaired under a light microscope, while the changes in group
PYR were slight and close to those in group CON (Fig. 2A, B).
In addition, changes in immunofluorescence of dgen-MBP of

16 Articles © The authors | Journal compilation © | Neurol Res and Elmer Press Inc™

L5 DRG were comparably consistent with alterations above in
all the groups experienced the 8-week HU (Fig. 3A, B).

These morphological changes confirmed that HU caused
DRG injury in the rats, as previously reported [5]. Also, these
preliminary results first showed that in the early stage of DRG
lesion induced by microgravity, the microstructure damage
could be significantly attenuated by oral pyruvate. Interesting-
ly, ethyl pyruvate (EP, a derivate of sodium pyruvate) was re-
cently reported with an analogical protection of the Nissl stain-
ing against motor neurons injury in the spinal cord induced
by ischemia reperfusion, but EP was delivered via peritoneal
injection, not orally ingested [20].

Changes in cellular function

The GDNF has a strong neurotrophic effect on neurons in the
prevention of their degeneration and can rescue cells from apo-
ptosis as well as their death following injury. As demonstrated
that the DRG injury led to GDNF reduction previously [5],
present data of Western blotting displayed that relative GDNF
protein expressions in the SUS and SAL groups were signifi-
cantly decreased, relative to those in the CON and PYR groups
following HU for 8 weeks. On contrary, the GDNF expression
in the PYR group was surprisingly accumulated to over two
times of those in the SUS and SAL groups and even more than
that in the CON group. The data of GDNF mRNA detection
in all the groups were also comparable with alterations above
(data not shown) [21]. The present results merely exhibited
that the GDNF protein in DRG injury had a prominent feed-
back increase with chronic pyruvate supplementation in group
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PYR during an 8-week period of microgravity in rats (Fig. 4).
Although the pyruvate neuroprotection is well known, at pre-
sent, the underlying reasons of profoundly increased GDNF
protein by pyruvate remain unknown. To date, there is no re-
port concerning the pyruvate stimulation of GDNF expression,
in vivo, though EP was also shown with an in parallel effect
in primary astrocyte cultures, in vitro [22]. Intriguingly, the
histone deacetylase inhibitors (HDAC:H), like sodium butyrate,
up-regulate GDNF gene transcription through the HDAC in-
hibition in astrocytes to protect dopaminergic neurons [23],
while pyruvate is one of HDACis [24]. Nevertheless, present
data revealed that oral pyruvate could robustly stimulate the
GDNF secretion, which attenuated DRG damage during HU.

The GFAP is a unique protein in astrocytes cytoskeleton
of DRG, the main element of intermediate filament network
which assures cell integrity and resilience. It is believed to be
a marker of the maturation of astrocytes. As a cell signal trans-
duction pathway, GFAP is largely involved in neurons’ structure
and metabolism [25]. The expression of GFAP is increased in re-
sponse to injury, neurodegenerative disease and aging, but hardly
expressed under physiological status. Data here discovered that
relative GFAP expressions were significantly enhanced in the
SUS and SAL groups in comparison with those in the CON and
PYR groups (Fig. 5). It indicated that astrocytes in DRG injury
were activated and the GFAP predominant expression might be
closely associated with the DRG damage repair. The GFAP ex-
pression was significantly decreased in the PYR group than in
both SUS and SAL groups, but still was significantly enhanced
than that in the CON group, suggesting that oral pyruvate could
be beneficial in neuroprotective effects on DRG tissues damaged
in the HU injury, as previously demonstrated that pyruvate could
control the reactive astrocyte proliferation (gliosis) and maintain
the morphological integrity of astrocytes in various injuries [26,
27]. The detection of GFAP mRNA also showed a similar man-
ner of changes in these groups (data not shown). However, cur-
rent pyruvate dosage could not fully prevent the damage. Again,
EP reduced the GFAP expression from proliferating astrocytes in
rats subjected to experimental encephalomyelitis [28].

Interestingly, results here indicated that oral pyruvate
promoted the GDNF and diminished the GFAP in DRG nerv-
ous tissues during HU. The results suggest that pyruvate like
GDNF and GFAP may play an important role in preserving
environmental stability, plasticity repair and neuronal survival
in nervous systems [25].

Both NES and S100B proteins are clinical sensitive bio-
markers in various damages of nerve systems. Both are elevat-
ed from extracellular fluids in the early stage of damage but
declined afterwards as early clinical predictors of prognosis
[29, 30]. As shown in the patients, NES and S100B expres-
sions were decreased in groups SUS and SAL than in group
CON in an 8-week UH, though there were no statistically sig-
nificant differences in NES levels among these three groups.
However, the levels were first shown to enhance 2-3 folds in
group PYR, compared to group CON in both NES and S100B
(Figs. 6 and 7). It is well known that exogenous pyruvate is
neuroprotective, but the causes of profoundly enhanced NES
and S100B levels, as the GDNF expression shown above, re-
main at present unknown. The in vitro mimic cellular experi-
ments are needed for exploring underlying mechanisms of the
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pyruvate protection in these respects.

The ATP generation and the ATPase activity are direct bio-
markers of cellular energy metabolism. Present results demon-
strated that cellular energy metabolism in DRG tissues was
evidently inhibited by HU injury and oral pyruvate profoundly
preserved energy metabolism in group PYR during the micro-
gravity (Fig. 8A, B), therefore, DRG tissues’ structure and func-
tion were mostly preserved. Although the ATP level and the AT-
Pase activity in the PYR group were mostly preserved, they were
still robustly inferior to those in the CON group. Metabolic stud-
ies illustrate that glycolysis is usually promoted with reduction of
oxidative phosphorylation in weightlessness [31, 32]. Blood pyru-
vate from the gastrointestinal truck can readily enter mitochondria
via mitochondrial pyruvate carrier, reactivate the inhibited pyru-
vate dehydrogenase (PDH) to near normal context and restore
the tricarboxylic acid (TCA) cycle function, as demonstrated in
shock and diabetic animals [33, 34]; pyruvate anti-oxidative stress
and anti-inflammation might be also beneficial in the TCA cycle
metabolism additionally as an energy substrate. All facilitated the
ATP generation and the ATPase activity in the experiment.

Taken all together, the results preliminarily illustrated
that the morphological alteration in group PYR was preserved
close to those in group CON, while energy metabolic disorder
and cellular dysfunction in DRG nervous tissues were mark-
edly illuminated by oral pyruvate, but not fully recovered from
the HU injury with the current pyruvate dosage. The differ-
ences of histopathological changes from metabolic and func-
tional alterations suggest that the metabolic aberrance induced
by HU early occur prior to morphological changes. The dose-
effect curve remains to be explored.

Oral pyruvate implication in spaceflight

Present findings clearly illustrated that oral pyruvate improved
the histopathological alteration and metabolic dysfunction of
DRG tissues in rats subjected with HU for 8 weeks. The results
provide additional evidence that oral 0.35-4% pyruvate as drink-
ing water did protect from alterations in the structure and func-
tion of nervous systems induced with various insults [11, 35-37].
Newly, humans brain parenchyma injury was evidenced fol-
lowing a long-duration spaceflight, as indicated with increased
blood biomarkers: GFAP, NfL (neurofilament light chain pro-
tein) and amyloid B from five cosmonauts [38]. As demonstrated
previously, pyruvate also protects against amyloid-p-induced
neuronal cell damage [39]. Accordingly, oral pyruvate may be
very beneficial in the attenuation or prevention of DRG damage,
probably including SCI and other metabolic disorders and organ
dysfunction, for astronauts in spaceflight.

Oral pyruvate (0.55%) in this study was selected following
our prior experiences. The optimal dosage and the ideal con-
centration of oral pyruvate fluids for astronauts need to be fur-
ther explored. It is worth noting that a large dosage of oral and
intravenous (IV) pyruvate had shown safety and effectiveness
in several preliminary clinical trials with the absence of clini-
cal toxicity [40]. However, oral sodium pyruvate alone in less
than 10.0 g is not effective with no plasma pyruvate elevation
in humans, but large dosages are of gastrointestinal irritation
symptoms [40]. Alternatively, the novel pyruvate fluid in Pyr-

www.neurores.org 17



Pyruvate in Weightlessness

J Neurol Res. 2022;12(1):9-20

ORS (0.35% pyruvate and 1.35% glucose) effectively restored
neuronal structure and function in hippocampal CA1 regions of
rats with asphyxial cardiac arrest [11]. In addition, 1% pyruvate
and Pyr-ORS as drinking water similarly demonstrated to reno-
vate the pyruvate dehydrogenase (PDH) activity in the kidney
and to protect against nephropathy in diabetic db/db mice [34].

It is ascertained that opposite to equal sodium pyruvate
alone, oral Pyr-ORS robustly elevated pyruvate in blood and
neurons in shocked rats [11, 41], as IV pyruvate shown [42].
Thus, ingestion of a small dose of pyruvate with glucose
can be easily absorbed from the intestine via Na*-glucose
cotransporter located in intestinal mucosa in the mammalian
gut [7, 11, 34, 41]. Always drink low pyruvate-enriched wa-
ter while feeding, thus pyruvate is easily absorbed to blood
in rats, but not in humans when the drinking water contains
pyruvate only without glucose. The pyruvate consumed in
this experiment for each rat was close to around 15.0 g/day,
if a 70-kg person was experienced. In a shock resuscitation
from rats, the sum of enteral pyruvate in Pyr-ORS equal to
10.5 g was ingested, extrapolating to humans [7]. All these
data from the rodent study, therefore, clearly illustrate that
about 10.0 g of oral pyruvate in a formula as Pyr-ORS as
a functional drink daily may be feasible and beneficial for
astronauts in space missions.

Finally, albeit EP appears neuroprotective [20, 22, 28], it is
distinctly different from pyruvate of sodium salt; the EP clini-
cal trial failed over a decade ago [40, 43], leading to its hope-
less in a clinical perspective. However, further studies with
oral pyruvate are warranted particularly in underling metabolic
and molecular pathways of the pyruvate protection of DRG in
microgravity conditions.

Limitations

1) Present data were not to substantiate the precise causal effect
of pyruvate protection on the L5 DRG neurons, but aimed to, in
vivo, a principal proof of oral pyruvate effects on rats subjected
with the HU injury. However, cell experiments, in vitro, to il-
lustrate the intimate effects of pyruvate on DRG neurons fol-
lowing HU would further prompt the hypothesis and facilitate
addressing the underlying metabolic and molecular mechanisms
of pyruvate actions. 2) Current immunofluorescent expression
of MBP was simple. If additional double immunofluorescence
with anti-neurofilament antibody was conducted, pictures
would be more in a clear and appealing format with the pyru-
vate treatments. 3) Oral Pyr-ORS (0.35% and 1.35% glucose)
was not included in the experiments, nor pyruvate dose-effect
curve was explored.

Conclusion

Present data further demonstrate that microgravity induces
significant L5 DRG damage in tissue morphology and cell
function of rats subjected to HU for 8 weeks. The results first
indicate that oral pyruvate in Pyr-ORS may effectively prevent
the DRG tissues from HU injury with clinical feasibility. The
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oral pyruvate formula remains explored for the optimal dosage
and efficacy for astronauts’ use in space missions.
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