
INTRODUCTION
Glucose is an essential molecule for

maintaining life. It is a major metabolic
fuel that (through its degradation via
glycolysis and subsequent oxidative
phosphorylation) generates high- energy
phosphate compounds responsible for
driving many cellular processes. Normal
levels of glucose and growth factors may
protect cells from apoptotic events (1).
However, despite its clear beneficial
roles, glycemia must be tightly regulated
in mammals, because excessive glucose,
such as in diabetes, may be harmful to

tissues (1–3). Although the mechanism of
glucose toxicity is not completely under-
stood, many studies have shown that
high levels of glucose increase the forma-
tion of advanced glycation end products,
glucose flux through the aldose reduc-
tase pathway and production of reactive
oxygen species (ROS) in different cell
lines (1–3). It has been proposed that the
production of ROS by mitochondria via
the respiratory chain is a causal link be-
tween high glucose and the main path-
ways responsible for hyperglycemic
damage (1).

Heme is another essential molecule to
living aerobic organisms and plays a role
in various biological reactions, such as
oxygen transport, respiration, drug
detoxification and signal transduction
(4). Heme interacts with various inactive
apoproteins giving rise to functional
heme proteins, such as hemopexin, albu-
min, α1-microglobulin and heme-bind-
ing protein 23 (HBP23). The function of
the heme molecule is ultimately deter-
mined by the properties of the polypep-
tide bound to it (5). In hemoglobin and
myoglobin, it is used for oxygen trans-
port and storage, respectively, whereas in
cytochromes, it is involved in electron
transport, energy generation and chemi-
cal transformation (5). In catalases, heme
functions in H2O2 degradation; in peroxi-
dases, it serves different biological func-
tions in the presence of H2O2 (5). Fur-
thermore, heme is indispensable for
other important enzyme systems, such as
cyclooxygenase and nitric oxide syn-
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thase. In erythroid cells, heme serves as a
positive feedback regulator for heme
synthesis and inhibits its degradation.
Heme is also important, in expression
control of numerous proteins, such as
globin, heme biosynthetic enzymes, cy-
tochromes, myeloperoxidase, heme
 oxygenase-1 and the transferrin receptor.
Heme also regulates differentiation and
proliferation of various cell types (5).
However, during the past three decades,
reports have accumulated regarding the
release of free heme from hemoproteins.
This occurs during several pathological
states and the toxic products lead to un-
desirable side  effects (4,5).

Stress-induced hyperglycemia and dia-
betes increase blood glucose substan-
tially (6,7). Severe hemolysis or myolysis
occurring during pathological states,
such as sickle cell disease, ischemia
reperfusion (IR), icterohepatitis and ma-
laria, results in high levels of free heme
(5,8,9). High levels of both glucose and
free heme cause undesirable oxidative
stress to mammal cells (1,5,8).

Levels of total cellular RNA are usually
stable within a cell cycle, although they
may increase gradually during growth or
decrease gradually as a result of stressors
(10). Therefore, Northern blots are usu-
ally carried out on the basis of the total
RNA level (10). However, several years
ago, we found an interesting phenomenon
when we extracted total RNAs from dia-
betic or IR tissues (11,12). High glucose– or
high heme-stressed cells contained much
higher levels of total cellular RNAs than
unstressed cells. We repeated the experi-
ments several times and found that those
results were not due to experimental er-
rors or different extraction efficiencies.
Here we report rapid “RNA amplifica-
tion” in mammalian cells. We reproduced
this regulation by in vitro glucose or
heme feeding and found this rapid RNA
amplification plays an important role in
mammal cells’ adaptation to diabetes, IR
or malaria infection–derived oxidative
stress. Possible factors in mammal cells
mediating this rapid RNA amplification
have been studied, including some tran-
scription factors. One putative factor, the

TATA box-binding protein (TBP), has
been defined. The molecular signaling
pathways are proposed here.

MATERIALS AND METHODS

Materials
Adult Sprague-Dawley rats (average

body weight 350 ± 50 g) were purchased
from Li-Nuo Biotechnology (Chengdu,
China). Adult chickens were purchased
from a local market.

DNA Constructs and Human
Embryonic Kidney 293 Gene–Silenced
Cell Lines 

Human embryonic kidney (HEK)-293
cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) as described
previously (13). Human Chang liver cells
were cultured in minimum  essential me-
dium Eagle supplemented with 2 mmol/L
L-glutamine, 1% nonessential amino acids
(NEAA), 1 mmol/L sodium pyruvate and
10% fetal bovine serum (14). Human HK1,
HK2, HK3 and TBP gene fragments and
their inverted-repeat fragments were am-
plified by using the primer-pairs HK1 and
HK1-Anti, HK2 and HK2-Anti, HK3 and
HK3-Anti and TBP and TBP-Anti, respec-
tively (Table Supplementary Material
[SM]-1). Then the gene fragments and
their inverted- repeat fragment were
cloned in a pSuper vector expression sys-
tem (Oligoengine, Seattle, WA, USA) for
gene silencing by RNA interference
(RNAi) (10). The recombinant vector was
 cotransfected (ratio 1:10) with the G418
antibiotic- resistance pCDNA3 vector
 (Invitrogen, Carlsbad, CA, USA) in
HEK293 cells. After 3 wks of selection,
 stable HEK293HK1–, HEK293HK2–,
HEK293HK3– and HEK293TBP– cell clones
and HEK293pSuper control clones were
 isolated. HK1, HK2, HK3 or TBP gene
 expression was detected by reverse
 transcriptase–polymerase chain reaction
(RT-PCR). We designed two independent
siRNAs against each target gene. The effi-
ciencies of RNAi suppression achieved
about 90% for both gene-silenced cell
lines. Therefore, we randomly chose one
cell line for further  experiments.

Chemical Treatment and Heme
Feeding

For HEK293 cells, sterile glucose (7%),
heme (50 μmol/L), TNF-α (10 ng/mL) or
1 mmol/L H2O2 were applied to the
DMEM directly.

Quantitative Real-Time PCR
RNA was extracted by the TRIzol

DNA/RNA kit (Invitrogen). The purifi-
cation of RNA samples was detected by
measuring the absorbance ratios of
A260/A280, all of which were about 1.9.
All RNA samples were treated with
DNase I before RT-PCR. Minus RT (with
minus RT–specific primers) was used as
the control for the possible DNA con-
tamination (15) (data not shown).

We used stationary phase HEK293
cells (anchorage-dependent rate
achieved over 90%). The treatment time
was only 1 d. Thus, the effect of the cell
cycle should be negligible, and the cells
were synchronized.

It may be difficult to normalize the total
RNAs in the measurements. The number
of cells per unit weight of tissue may
change after the treatments. And for the
long-term treatments (over 48 h), the cell
cycles could not be neglected. Regardless
of whether the cell cycles could be af-
fected by the treatments, DNA is the tem-
plate of RNA. Therefore, DNA (template)
content is the most reliable reference pa-
rameter, and the RNA levels were pre-
sented as the ratio of total RNAs to total
DNAs. The ratios in control animal cells
without any treatment are normalized to
100%. We used a TRIzol DNA/RNA kit
(Invitrogen) to isolate DNAs and RNAs
simultaneously to guarantee the uniform
extraction  efficiency.

The quantitative real-time PCR analysis
was performed with the primers shown
in Table SM-1. Relative quantitation of
the target gene expression level was per-
formed by using the comparative Ct
(threshold cycle) method (16). Three tech-
nical replicates were performed for each
experiment. Amplification of the human
Actin1 gene was used as an internal con-
trol for HEK293 cells. The expression lev-
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els of control animal cells without any
treatment are normalized to 100%.

mRNA, tRNA, snRNA and snoRNA
Isolation and Polyribosome
Population Estimation

mRNAs, tRNAs, snRNAs and snoR-
NAs were isolated from total RNAs as de-
scribed previously (17–20). Polyribosomes
were isolated by precipitation. For accu-
rate polyribosome analysis, polyribo-
somes were applied to glucose density
gradient centrifugation as described pre-
viously (21). The ratio of polyribosomes
to total ribosomes was calculated as fol-
lows: (area of polyribosomes)/(area of
polyribosomes + ribosomal subunits +
mono-ribosomes). Ribosomal protein con-
tent and total cellular protein content were
determined as described previously (22).

Transcription Rate Determination
Cells were incorporated with 32P-dCTP

and then subjected to 50 μmol/L heme or
5% sucrose treatment for 48 h. rRNA,
snRNA, snoRNA, mRNA and tRNA were
extracted, respectively, and separated in
agarose gel and visualized by using an
autoradiography instrumentation (23).

Western Blots to Hexokinases
Cells were lysed in 1 × sodium dode-

cyl sulfate (SDS) sample buffer and re-
solved by electrophoresis using
SDS–polyacrylamide gel electrophoresis
(PAGE) and transferred to nitrocellulose
membranes (equal amounts of total cel-
lular proteins were loaded). The mem-
branes were probed with primary anti-
bodies (against human HK1, HK2 and
HK3 respectively; Abcam, Cambridge,
MA) overnight and then incubated 
with appropriate horseradish
peroxide–conjugated secondary antibod-
ies for 3 h, followed by detection with a
SuperSignal Enhanced Chemilumines-
cence kit (Pierce, Rockford, IL, USA) (24).

Superoxide and H2O2 Detection
The formation of H2O2 in HEK293 cells

and kidneys was followed by measuring
the oxidation of acetylated ferrocy-
tochrome C catalyzed by cytochrome C

peroxidase at room temperature (25),
whereas the formation of superoxide in
HEK293 cells and kidneys was moni-
tored by the reduction of acetylated ferri-
cytochrome C (26).

H2O2 levels in HEK293 cells were also
visually detected with a solution of 5-
(and 6-) chloromethyl-2′,7′-dichlorodihy-
drofluorescein diacetate (CM-DCFH DA)
(Molecular Probes, TM Invitrogen, Eu-
gene, OR, USA), which was prepared
daily in absolute ethanol and kept at 4°C.
The HEK293 cells were then washed
with DMEM for fluorescence microscopy.
The imaging system consisted of a Zeiss
Axiovert 200M epifluorescence micro-
scope equipped with ×10 and ×20 objec-
tives and filter sets: a 450–490 nm
 excitation/515–565 nm emission filter set
that was used for CM-DCF fluorescence.
CM-DCF fluorescence from fibers was re-
corded at 15-min intervals over 45 min at
25°C (27,28).

Renal Ischemia and Reperfusion
Surgery, Diabetes Experiments and
Malaria Infection

Renal ischemia (IR) was induced by
nontraumatic vascular clamps over the
pedicles for 20 min (29). After clamps
were released, the incision was closed in
two layers with 2-0 sutures. Twenty-four h
after renal ischemia reperfusion to nor-
mal animals, kidney samples and kidney
blood samples were collected. For allevi-
ating IR injury, renal arterial infusion
(30) with 1 mL 30% glucose solution was
performed a single time 24 h before IR.

Diabetic rats were acquired by strepto-
zotocin treatment (31). The diabetic state
was assessed by daily monitoring of
blood glucose levels. Oral glucose feeding
to fasted (24 h) diabetic rats (30% glucose
solution, every 8 h, three times total) and
then blood glucose level was determined
as described previously (31). Twenty-four h
after the first glucose feeding, kidney
samples were collected. For alleviating
glucose-derived oxidative stress, renal ar-
terial infusion (32) with 1 mmol/L heme
was performed a single time upon fasting. 

Malaria infection was applied with 106

Plasmodium berghei (ANKA) to normal

rats (32). The number of erythrocytes/μL
renal blood (×104) and the number of
parasitized erythrocytes/μL renal blood
(×104) were examined by a microscopy
(32). For alleviating malaria infection, rat
kidneys were treated with 30% glucose
solution (renal arterial infusion, every 
2 d, 4x total) paralleling with Plasmodium
berghei infection for 8 d.

At the end of the experiment, the right
kidney was removed and quickly frozen
for molecular studies and the left kidney
was perfused through the femoral
catheter with a phosphate buffer, thereby
preserving the mean arterial pressure of
each animal. After blanching of the kid-
ney, the perfusate was replaced by a
freshly prepared 10% formalin buffer, and
perfusion was continued until fixation
was completed. After appropriate dehy-
dration, kidney slices were embedded in
paraffin, sectioned at 4 μm and stained via
the periodic acid–Schiff technique. Ten
subcortical and juxtamedullary fields
were recorded from each kidney slide by
using a digital camera incorporated in a
microscope. Tubular damage was charac-
terized by a loss of brush border, lumen
dilatation or collapse and detachment
from basement membrane. The damaged
tubular area was expressed as a propor-
tion of the affected tubular area to total
tubular area (29).

At the end of the experiment, individ-
ual 24-h urine samples were collected.
Urinary protein excretion from treated
tissues was measured by a trichloroacetic
acid (TCA) turbidimetric method (33)
and N-acetyl-β glucosaminidase was
measured spectrophotometrically (34).

The experimental procedures were ap-
proved by the local Animal Welfare
Committee in accordance with the guide-
lines issued by the China Council on
 Animal Care.

Nitric Oxide Assay
Nitric oxide (NO) production from

control and IR kidneys was evaluated by
measuring nitrite using a chemilumines-
cence NO analyzer (Siever Instruments,
Boulder, CO, USA) as described previ-
ously (35). The protein levels in each tube
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were quantified by bicinchoninic acid
protein assay (Pierce) and were used as a
basis to normalize the NO production.

Blood Free Heme Detection
Hemolysates were prepared by the

method of Garrick et al. (36). The lysates
were run through a 0.5 × 4 cm column 
(0.8 mL) of Dowex 1-X8 resin equilibrated
in 2 mol/L NaCl and 5 mmol/L NaPO4,
pH 7.4. Hemoglobin does not bind to the
column under these conditions, but “free”
heme does (36). The column was rinsed
with 5× the bed volume of 2 mol/L NaCl
and 5 mmol/L NaPO4, pH 7.4, to assure
that all the hemoglobin had passed
through, and then with 10× the bed vol-
ume of 5 mmol/L NaPO4, pH 7.4. The lat-
ter low salt rinse was done to avoid pre-
cipitation of SDS by high salt. “Free”
heme was then eluted from the column
with 10% SDS. Fractions of 900 μL were
collected; 90 μL 100 mmol/L KCN was
added to each fraction. A405 and A540 were
read for each fraction. Elution of the col-
umn was continued until the A540 re-
turned to background. The amount of
“free” heme was calculated from the A540
by using an extinction coefficient of 11.1
or A405 = A540 × 8.15, providing greater
sensitivity at the expense of a modest loss
in precision and reproducibility (37).

Statistical Analysis
All quantitative real-time PCR and

other determinations were repeated
3–5×, and typical results are presented
and the SDs are shown. An independent
(unpaired) Student t test (two-tailed) was
chosen to test the significance of differ-
ences (P < 0.05) among means of small n
sample sets.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Heme and Glucose Double Mammal
Cell Total RNAs within 24 h

The 7% glucose or 50 μmol/L heme
doubled HEK293 cell total RNAs within
24 h (Figure 1A). Considering that both

glucose and heme induce ROS (Figure 1B),
this increase may be caused by the side
effect of ROS. However, 1 mmol/L H2O2

had no such effect, although H2O2 may
cause the total RNA level to fluctuate
(the error bars were a little large, see Fig-
ure 1A). Tumor necrosis factor (TNF)-α
also induces great ROS accumulation
(see Figure 1B) (38). However, with 
long-term treatment (over 24 h) with
10 ng/mL TNF-α, total cellular RNA
content decreased (see Figure 1A), which
may be due to the apoptotic death in-
duced by TNF-α (38). Thus, glucose and

heme may function as signaling mole-
cules to induce an increase in RNA, inde-
pendent of ROS.

mRNAs, tRNA, rRNAs, snRNAs and
snoRNAs were extracted from HEK293
cells separately. They were equally pro-
moted by heme or glucose (Table 1).
Their transcription rates were equally
enhanced by the treatments (Table 2). In-
creases of mRNAs, tRNAs and rRNAs
have been further confirmed by quanti-
tative real-time PCR for two constitu-
tively expressed mRNAs Actin1 and
UBC, four representative tRNAs and 5S,
5.8S, 18S and 28S rRNAs (Figure 1C and
Figure SM-1). Their polyribosome distri-
bution was also not changed after glu-
cose or heme treatments, although the
total ribosome content increased (Table 1
and Figure 2). Correspondingly, the ribo-
somal proteins and the total cellular pro-
teins were significantly increased, al-
though not as large as total cellular
RNAs (Table 2). From the data on polyri-
bosome distribution and protein levels,
we infer that the translation rate may
not be changed, but the protein changes
lagged behind the RNA changes.

HEK293 epithelial cells were originally
derived from HEK cell cultures. Renal
epithelial cells live in a condition that
glucose and heme may fluctuate vio-
lently and frequently (during nephritic
filtration) (29). Thus, we chose HEK293
cells as a representative and valid model
for our studies. As future evidence, rapid
RNA amplification and ROS accumula-
tion were reproduced in Chang liver cells
(Figure SM-2).

TBP Mediates Rapid RNA Amplification
in Mammal Cells

The factors mediating RNA amplifica-
tion could be easily defined in mam-
malian cells. First, we wanted to identify
possible glucose signaling–related factors.
It is well known that transport and the
first step of glucose utilization within the
cells are catalyzed by hexokinase (EC
2.7.1.1), which participates in blood glu-
cose homeostasis. In mammals, there are
four isoforms of hexokinase (I, II and III
are most important), differing in their
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Figure 1. Glucose and heme induce RNA
amplification in HEK293 cells. (A) The 7%
glucose or 50 μmol/L heme but not 1
mmol/L H2O2 or 10 ng/mL TNF-α doubles
HEK293 cell total RNAs within 24 h. (B) Cell
forms (upper panel) and H2O2 levels (lower
panel) of heme, glucose or TNF-α–treated
cells (24 h). H2O2 was visualized by CM-
DCFH-DA stain and observed with a fluo-
rescence microscopy. (C) Effects of 7%
glucose (7%S) and 50 μmol/L heme treat-
ments (24 h) on Actin1 and UBC (two rep-
resentative mRNAs), trna160-Ala and
trna113-Asn (two representative tRNAs)
and 18S rRNA expression. Gene expressing
detection was derived on an equal DNA
basis. Error bars show standard deviations
(n = 3).



affinities for glucose and inhibition by
glucose-6-phosphate and inorganic phos-
phorus, as well as in their subcellular dis-
tribution (39,40). Therefore, the relation-
ship between hexokinase and RNA
amplification was investigated. Of the
four isoforms of hexokinase (hexokinase-I
to hexokinase-IV), three main hexokinase
genes were examined: HK1, HK2 and
HK3. Hexokinase-silenced HEK293 cell
lines were generated by RNAi method,
and testified by real-time PCR (Figure 3B)
and Western blotting (Figure SM-3). HK1
mRNA was amplified with 26 cycles, HK2
with 29 cycles and HK3 with 32 cycles.
Even by 32 cycles, the HK3 transcript still
could not be detected apparently. There-
fore, HK1 is the predominant isoform in
HEK293 cells, and HK3 is the least iso-
form. Furthermore, among the hexokinase
isoforms, only HK2 can be induced by
glucose (Figure SM-3) (40). Cellular RNAs
were similarly enhanced by glucose or
heme in HEK293HK1–, HEK293HK2– or
HEK293HK3– cells (Figure 3A), suggesting
that mammal hexokinase is not involved
in RNA amplification. A large part of glu-
cose signals are sensed by hexokinase in
plant cells (41); however, it has been sug-

gested that hexokinase is unrelated to glu-
cose signaling in mammal cells (40),
which is consistent with our observations.

Considering that all RNAs increased
after heme/glucose treatment, one could
speculate that RNA polymerase I, II and
III and all polymerase activities are in-
duced by the stress signals. Conse-
quently, there should be some transcrip-
tion factor response to all polymerases.
Transcription factors belong to a large
complex protein family; however, the
number of transcription cofactors for all
RNA polymerases is relatively small
(42). TBP (42), cAMP response
element–binding protein (CREB)-
 binding protein (CREBBP) and P300 are
the only factors shared by all RNA poly-
merases (42). We selected TBP, CREBBP
and P300, and some representative RNA
polymerase I/II transcription factors,
and tested their expression under
heme/glucose treatment. The results
showed that except for TBP, all other
transcription factor transcripts could not
be enhanced by heme or glucose (see
Figure 3A). The role of TBP in total RNA
amplification was further confirmed in
HEK293TBP– cells. Total cellular RNAs
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Table 1. mRNA, tRNA and rRNA changes in 293 cells after heme or 5% sucrose treatment for 48 h.a

mRNA mRNA/total RNAs tRNA tRNA/total RNAs rRNA rRNA/total RNAs 
(μg/μg DNA) (%) (μg/μg DNA) (%) (μg/μg DNA) (%) P/T

Control 0.022 ± 0.003 2.8 ± 0.4 0.11 ± 0.02 14.1 ± 1.3 0.64 ± 0.05 83.1 ± 7.3 0.38
50 μmol/L Heme 48 h 0.039 ± 0.005b 2.9 ± 0.6 0.20 ± 0.03b 14.5 ± 2.1 1.12 ± 0.12b 82.6 ± 6.4 0.40
5% sucrose 48 h 0.062 ± 0.008b 2.5 ± 0.5 0.32 ± 0.05b 12.7 ± 3.2 2.11 ± 0.26b 84.8 ± 6.8 0.37

aThe data represent the mean with SE of at least five independent experiments. P/T, the ratio of polyribosomes to total ribosomes.
bP < 0.05, t test; statistically significant difference between control and heme or sucrose-treated cells.

Table 2. Relative RNA synthesis rates and protein contents (% of control) of 293 cells treated with heme or 5% sucrose for 48 h.a

rRNA snRNA snoRNA Large mRNA Small mRNA tRNA Ribosomal proteins Total proteins

50 μmol/L Heme 48 h 182 ± 21b 188 ± 24b 179 ± 25b 187 ± 27b 184 ± 27b 185 ± 23b 158 ± 17b 152 ± 15b

5% sucrose 48 h 274 ± 32b 294 ± 28b 282 ± 36b 288 ± 30b 291 ± 37b 277 ± 27b 195 ± 22b 189 ± 19b

aCells were incorporated with 32P-dCTP and then subjected to 50 μmol/L Heme or 5% sucrose treatment for 48 h. rRNA, snRNA, snoRNA,
mRNA and tRNA were extracted, respectively, and separated in agarose gel and visualized by using an autoradiography instrumentation.
Ribosomal protein and cell total protein contents were also determined immediately after the treatments. “Large mRNA” equals mRNAs
longer than 1 kb; “Small mRNA” equals mRNAs shorter than 1 kb. The data represent the mean with SE of at least three independent
experiments.
bP < 0.05, t test; statistically significant difference between control and heme or sucrose-treated cells.

Figure 2. Effect of heme and glucose 
on polyribosome profiles. Ribonucleopro-
tein material was extracted from rats
treated with or without 7% glucose (7%S)
or 50 μmol/L heme for 24 h and was re-
solved on glucose gradients. Absorbance
readings were at 254-nm polyribosomes
(fractions 3–8) and the 40S and 60S riboso-
mal subunits (fractions 1 and 2). Dashed
lines represent the sample after glucose or
heme treatment. The top of the gradients
is to the left. The ratios of polyribosomes to
total ribosomes (P/T) are shown.



were not increased by either 7% glucose
or heme treatment in HEK293TBP– cells
(Figure 4A), but the TBP transcript itself
was enhanced by glucose or heme treat-
ments (Figure SM-3).

Rapid RNA Amplification Helps
Mammal Cells Protect against
Heme/Glucose-Derived Oxidative
Stress

What is the physiological significance
of RNA amplification? Why do glucose
and heme signals tightly correlate with
cellular ROS levels? To answer these
questions, we must pay attention to anti-
oxidant genes. The increase in oxidative
load can damage lipids, proteins and nu-
cleic acids. A number of defensive mech-
anisms, including antioxidant vitamins,
are available that allow scavenging of
free radicals. The balance between ongo-
ing oxidative stress and the antioxidant
defense system determines the extent of
oxidative damage in tissues (9,43,44).
Expression of four representative anti-
ROS genes in HEK293 cells was de-
tected. Human PRDX1 (encoding perox-
iredoxin I) (44), SOD (encoding a
superoxide dismutase), CAT (encoding a
catalase) and GPX (encoding a glu-
tathione peroxidase) transcripts were in-
creased two- to three-fold under the glu-
cose or heme treatments (see Figure 3A).
Considering that total cellular RNAs in-
creased two- to three-fold, the SOD and
CAT gene transcripts per cell increased
four- to nine-fold.

The role of rapid RNA amplification
in antioxidant adaptation of mammal
cells has been further confirmed in HK-
or TBP-silenced HEK293 cell lines. Al-
though HEK293HK1– cells accumulated
high levels of ROS under normal growth
conditions (see “Discussion”), cellular
ROS was similarly enhanced by glucose
or heme in HEK293HK1–, HEK293HK2– or
HEK293HK3– cells (Figure 4B, C). On the
contrary, HEK293TBP– cells are more sen-
sitive to high levels of glucose or free
heme. Deficiency of rapid RNA amplifi-
cation in HEK293TBP– cells would result
in more severely oxidative stress (see
Figure 4B, C).
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Figure 4. Effects of 7% glucose (7%S) and 50 μmol/L heme treatments (8 h) on total RNA
levels (A), H2O2 (B) and superoxide (C) production rates of HEK293HK1–, HEK293HK2–,
HEK293HK3– and HEK293TBP– gene-silenced cell lines and the HEK293pSuper control cell lines.
CK, untreated control cells. Error bars show standard deviations (n = 3).

Figure 3. Representative gene expression in control or silenced HEK293 cell lines. (A) The 7%
glucose (7%S) and 50 μmol/L heme increase PRDX1, SOD, CAT, GPX and TBP expression but
have no effect on the other six representative transcription factor genes in HEK293 cells. The
treatment time was 24 h. Gene expression levels of the cells without any treatment (CK) are
normalized to 100%. (B) HK1, HK2, HK3 and TBP expression levels in HEK293HK1–, HEK293HK2–,
HEK293HK3– and HEK293TBP– gene-silenced cell lines and the HEK293pSuper control cell lines. Two
independent gene-silenced cell lines for each gene were tested. Gene expression levels
were detected by quantitative real-time PCR. Gene-expressing detection was performed
with Actin1 transcript as a loading control. Error bars show standard deviations (n = 3).



Role of RNA Amplification in
Diabetes/IR/Malaria-Induced
Oxidative Stress Resistance

When diabetic rats (fasted 24 h before
glucose feeding) were fed 30% glucose
solution (every 8 h, 3× total), their blood
glucose levels doubled (Figure 5B). Renal
ischemia (20 min) and 24-h reperfusion
caused similar damage to rat kidneys (in-
dicated by greatly increased urinary pro-
tein excretion and N-acetyl-β glu-
cosaminidase activity [Figure 5C],
increased NO production [Figure SM-4]
and large free-heme accumulation [Fig-
ure SM-5]). Eight-day Plasmodium infec-
tions resulted in hemolysis and erythro-
cyte parasitism (about 30% for rats,
Figure SM-6), also causing great free-
heme accumulation (Figure SM-5). All
these stresses induced RNA amplifica-
tion, ROS accumulation (Figure 5) and
subsequently injuries to rat kidneys
(tubular dilation, Figure SM-7).

The possible relationship between
rapid RNA amplification and organs’
adaptation to diabetes, IR or malaria in-
fection was further investigated. Pretreat-
ment with heme in rat kidneys (renal ar-
terial infusion 24 h before glucose feeding
to double total cellular RNAs) alleviated
subsequently oxidative damages caused
by diabetes (Figure 5B). This result was
not because heme infusion decreased the
blood glucose level (see Figure 5B). Pre-
treatment with glucose in rat kidneys (to
treble total cellular RNAs) alleviated sub-
sequent oxidative damages caused by IR
or malaria infection (Figure 5C, D); this
result was not because glucose infusion
inhibited heme releasing or erythrocyte
parasitism (Figures SM-5 and SM-6).

DISCUSSION
Stress-induced hyperglycemia (such as

head injury or acute stroke) and diabetes
increased blood glucose substantially
(6,7). Glucose-6-phosphate accumulation
leads to great increases in mitochondrial
membrane potential and ROS generation
(1,45). If mitochondrial hexokinase is dis-
placed from mitochondria, such as by
RNAi in this report, then normal glucose
levels would not be able to reduce mem-

brane potential values and ROS produc-
tion. Under this condition, mitochondria
would rely only on other reactions to
maintain ADP/ATP cycling. Thus, the
endogenous antioxidant defenses present
in these mitochondria could not be suffi-
cient to scavenge all ROS generated
upon the increase of membrane poten-
tial, establishing an oxidative stress situ-
ation (1,45,46). From Figure 3B, we know
that hexokinase 1 (HK1) is the predomi-
nant isoform in HEK293 cells. Therefore,
HEK293HK1– cells accumulated high lev-
els of ROS under the normal growth con-
dition. No matter what levels of ROS in
hexokinase-silenced HEK293 cell lines,
no isoform of hexokinases is involved in

rapid RNA amplification or adaptation
to oxidative stress induced by additional
heme/glucose. The glucose signaling, es-
pecially the pathway to induce RNA am-
plification, needs further investigation.

Besides TBP, human CREBBP (also
called CBP) and P300 are the other two
transcription cofactors for all three RNA
polymerases (47,48); however, they could
not be enhanced by heme or glucose (see
Figure 3A). Furthermore, no close ho-
molog to human TBP, P300 or CREBBP
could be found in the human genome.
Thus, TBP is the only known candidate
transcription cofactor responsible for
rapid RNA amplification in mammal
cells (Figure SM-8).
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Figure 5. The role of RNA amplification in diabetes/IR/malaria-induced oxidative stress re-
sistance of rat kidney cells. Kidney RNA/DNA ratio, H2O2 and superoxide levels and tubu-
lar damages (tubular dilation area [Figure SM-4], proteinuria level and N-acetyl-β glu-
cosaminidase [NAG] level) and blood glucose levels in normal (A, C, D) and diabetic
rats (B) were determined. The rat (fasted for 24 h for the “control” sample to diabetic ex-
periments) kidneys were treated with or without 1 mmol/L heme or 30% glucose (renal
arterial infusion), and then 30% glucose solution (every 8 h, 3× total) was administered
orally or IR or malaria infection was performed. Samples were taken at 24 h after IR or
glucose administration, or 8 d after malaria infection. The sample “glucose” means four
times glucose infusion (every 2 d) without malaria infection. See “Materials and Methods”
for details. Data in control samples are normalized to 100%. Error bars show standard de-
viations (n = 3).



This rapid RNA amplification plays an
important role in mammal cell’s resist-
ance to diabetes/IR/malaria-induced ox-
idative stress. Heme or glucose pretreat-
ment 24 hours before diabetes/IR/
malaria could double total cellular RNAs
and subsequently alleviate oxidative
damages significantly. Similar roles of he-
patocellular glycogen in alleviation of
liver IR injury (49) and heme in allevia-
tion of heart IR injury (50) have been re-
ported before, although they did not con-
sider the role of cellular RNA
amplification. When a cell encounters ox-
idative stress (such as high glucose or
free heme to mammal cells), heme and
glucose generate multiple signals to en-
hance all RNAs (coarse regulation) and
prompt anti-stress gene expression simul-
taneously (fine regulation, Figure SM-8).
Under the background that all RNAs
were prompted, anti-ROS gene expres-
sion could be enhanced exponentially
and quickly. Most of the stress-associated
gene promoters should have the TATA
box, and therefore they should be under
the control of TBP and be enhanced by
glucose/heme signals commonly. Consid-
ering that total cellular RNAs increased
two- to three-fold, the antioxidant en-
zyme gene transcripts per cell were in-
creased four- to nine-fold. On the other
hand, this rapid RNA amplification may
disperse the oxidative injuries to nucleic
acids (oxidative damage per gram of
RNA decrease), therefore providing a nat-
ural protective screen against oxidative
stress. Deficiency of the RNA amplifica-
tion causes a more severely oxidative sit-
uation. Such manipulation of RNAs may
offer new direction for diabetic treatment,
prevention of ischemia-reperfusion injury
and curing malaria.
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