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It has been suggested that voltage-dependent anion channels
(VDACs) control the release of superoxide from mitochondria.
We have previously shown that reactive oxygen species (ROS)
such as superoxide (O2

.) and hydrogen peroxide (H2O2) stimu-
late epithelial sodium channels (ENaCs) in sodium-transporting
epithelial tissue, including cortical collecting duct (CCD) prin-
cipal cells. Therefore, we hypothesized that VDACs could regu-
late ENaC by modulating cytosolic ROS levels. Herein, we find
that VDAC3-knockout(KO) mice can maintain normal salt and
water balance on low-salt and high-salt diets. However, on a
high-salt diet for 2 weeks, VDAC3-KO mice had significantly
higher systolic blood pressure than wildtype mice. Consistent
with this observation, after a high-salt diet for 2 weeks, ENaC
activity in VDAC3-KO mice was significantly higher than wild-
type mice. EM analysis disclosed a significant morphological
change of mitochondria in the CCD cells of VDAC3-KO mice
compared with wildtype mice, which may have been caused by
mitochondrial superoxide overload. Of note, compared with
wildtype animals, ROS levels in VDAC3-KO animals fed a
normal or high-salt diet were consistently and significantly
increased in renal tubules. Both the ROS scavenger 1-oxyl-
2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL) and the
mitochondrial ROS scavenger (2-(2,2,6,6-tetramethylpiperidin-
1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride
(mito-TEMPO) could reverse the effect of high-salt on ENaC

activity and systolic blood pressure in the VDAC3-KO mice.
Mito-TEMPO partially correct the morphological changes in
VDAC3-KO mice. Our results suggest that knocking out mito-
chondrial VDAC3 increases ROS, alters renal sodium transport,
and leads to hypertension.

Epithelial sodium channels (ENaCs)4 are expressed in the
apical membrane of polarized epithelial cells mainly in the dis-
tal nephron, lung, and distal colon. In the distal nephron, ENaC
activity is the rate-limiting step for Na� reabsorption. Working
together with the basolateral Na�/K�-ATPase, this channel
regulates salt resorption and plays a major role in the control of
total body salt and water balance and blood pressure (1, 2).
There are several physiological causes of hypertension, but one
significant cause is constitutively elevated reabsorption of
sodium through ENaC by principal cells in the distal nephron.
ENaC gain-of-function mutations cause retention of active
ENaC channels at the cell surface and lead to an autosomal
dominant form of hypertension, Liddle’s syndrome (3, 4).
Essential hypertension is an important public health challenge,
and because ENaC can be its cause, a thorough understanding
of the regulation of ENaC may lead to the prevention and treat-
ment of this disease.

Voltage-dependent anion channels (VDACs) are located at
the outer membrane of mitochondria where they serve as a
major pathway for Ca2� uptake, but also as a pathway across the
mitochondrial outer membrane for the movement of a wide
variety of molecules including NAD�, ATP, and superoxide
(5–7). There are three isoforms in mammals, VDAC1–3, which
are almost ubiquitously expressed and thought to all transport
Ca2� in their natural state (7). Knockout of VDAC2 is embry-
onic lethal and double knockout VDAC1/3 has a severe pheno-
type (8), thus most studies have focused on knockout only of
VDAC1 or VDAC3.
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VDAC3 is the least well known isoform of mammalian
VDACs in the outer mitochondrial membrane. However,
VDAC3 can sense the oxidative state of the intermembrane
space of mitochondria through specific cysteine residue modi-
fications, and can buffer the ROS load in the intermembrane
space of mitochondria (9). We have shown that reactive oxygen
species, like superoxide (O2

. ) and hydrogen peroxide (H2O2)
stimulate ENaCs in sodium-transporting epithelial tissue includ-
ing cortical collecting duct (CCD) principal cells (10). ROS is
also related to ENaC function and hypertension (11). In this
paper, we focused on whether knockout of mitochondrial
VDAC3 alters renal sodium transport and whether ROS is
involved in this regulation.

Results

VDAC3-KO mice can maintain salt and water balance

We measured the metabolic responses of wildtype and
VDAC3-KO animals to low-salt and high-salt diet challenges.
We measured food intake, water intake, body weight, urine out-
put, urine osmolality, urine sodium and potassium, and urine
sodium/potassium ratio initially and after 2 weeks on the diets
(Fig. 1 and Table 1). The results were unremarkable. There was
no significant change in body weight for any animal and no
significant difference in food intake. As might be expected, ani-
mals fed a high-salt diet drank more and had higher amounts of
sodium in their urine. They drank enough to increase their
urine volumes and to decrease their urine osmolality. There
were, however, no significant differences in any of the values
between wildtype and knockout animals: both responded the
same to the different diets. We also measured hematocrit and
urine protein and found no significant differences under any
condition in urine protein or hematocrit (data not shown).

VDAC3-KO mice have an abnormal blood pressure response to
changes in dietary salt

We measured the blood pressure of wildtype and knockout
animals fed low-salt, normal-salt, high-salt, or high-salt plus
benzamil diet (see methods). After 2 weeks, the blood pressure
of wildtype animals was not significantly different regardless of
diet or treatment (low-salt: 117 � 15.3, n � 119; normal-salt:
118 � 12.6, n � 472; high-salt: 119 � 13.2, n � 155; high-salt �
benzamil: 116 � 18.1, n � 90), but the blood pressure of
VDAC3-KO animals fed the normal diet or high-salt plus ben-
zamil diet was significantly less than wildtype animals on the
same diet (normal-salt: 111 � 14.8, n � 368, p � 0.001; high-
salt � benzamil: 108 � 18.2, n � 183, p � 0.05), and there was
no significant difference in blood pressure between wildtype
and VDAC3-KO mice on a low-salt diet (VDAC3-KO low-salt,
110 � 20.2, n � 98). In contrast, knockout animals on a high-
salt diet had elevated blood pressure compared with wildtype
(high-salt, 127 � 14.8, n � 98, p � 0.05) (Fig. 2A). The differ-
ence between wildtype and knockout blood pressure can best
be appreciated by examining the change in blood pressure com-
pared with normal diet (Fig. 2B). Exposure to a high-salt diet
does not significantly change the blood pressure of wildtype
animals by 0.71 � 0.11 mm Hg (mean � S.E., n � 155) above
normal diet. In contrast, a high-salt diet increased the blood
pressure of VDAC3-KO animals significantly by 16.1 � 2.84
mm Hg (mean � S.E., n � 98; p � 0.001). Treatment with
benzamil completely reverses the salt-induced increase in
blood pressure. Because benzamil is a highly specific inhibitor
of ENaCs that is not known to inhibit any other transporters, we
conclude that the increase in blood pressure is mediated by
increased ENaC activity. These results suggest that knocking

Figure 1. Comparison of metabolic parameters of wildtype and VDAC3-KO mice. Both wildtype (WT) and VDAC3-KO mice were divided into 4 groups,
low-salt diet, normal-salt diet, high-salt diet, and high-salt diet plus benzamil (ENaC channel blocker) for 2 weeks. Metabolic parameters were measured initially
and after 2 weeks on the diets (values are mean � S.D., specific values are given in Table 1). After 2 weeks on the diets, metabolic parameters from wildtype and
VDAC3-KO animals were shown as above. A, body weight. B, food intake. C, water intake. D, urine output. E, urine osmolality. F, urine Na�. G, urine K�. H, Na/K
ratio.
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out VDAC3 causes sodium imbalance and hypertension by
increasing ENaC activity.

VDAC3-KO mice fail to regulate ENaC channel activity in
response to dietary salt challenge

Ordinarily, as blood pressure increases, ENaC activity
decreases, presumably to excrete more sodium and correct
blood pressure. This decrease occurs in the face of increased
tubular sodium, which would normally be expected to increase
sodium reabsorption. Wild-type and VDAC3-KO mice were
fed with low-salt, normal-salt, or high-salt diet. After 2 weeks,
mice were sacrificed by cervical dislocation and renal tubules
were manually dissected. ENaC activity was recorded from cell-
attached patches on principal cells (Fig. 3). As expected, for
wildtype animals, ENaC activity decreases as salt increases in
the diet (low-salt, 0.440 � 0.0397, n � 5; normal-salt, 0.298 �
0.0489, n � 6; high-salt, 0.152 � 0.0510, n � 4), but for

VDAC3-KO animals, ENaC activity was not well regulated in
response to dietary salt change (low-salt, 0.202 � 0.0767, n �
10; normal-salt, 0.238 � 0.0432, n � 6; high-salt, 0.398 �
0.0879, n � 5). In particular, VDAC3-KO mice on a high-salt
diet had increased ENaC activity compared with wildtype
(VDAC3-KO high-salt, 0.398 � 0.0879, n � 5; wildtype high-
salt, 0.152 � 0.0510, n � 4, p � 0.001), VDAC3-KO mice on a
low-salt diet had decreased ENaC activity compared with wild-
type (VDAC3-KO low-salt, 0.202 � 0.0767, n � 10; wildtype
low-salt, 0.440 � 0.0397, n � 5, p � 0.001), but ENaC activity of
VDAC3-KO and wildtype mice on normal-salt diet was not
significantly different. A difference in number of channels was
not observed in our study. These results indicate that knockout
mice have lost the ability to normally regulate sodium reabsorp-
tion, which would help to explain the elevated blood pressure of
knockout mice on a high-salt diet.

Table 1
Metabolic parameters of wildtype and VDAC3-KO mice
Week 0 are baseline measurements before special diet; Week 2 is after 2 weeks on normal-salt, low-salt, high-salt diet, or high-salt diet plus benzamil (see “Experimental
procedures”). Values are mean � S.D. Values in parentheses are number of mice.

Wildtype VDAC3-KO

Parameter Week Normal diet Low-salt High-salt
High-salt plus

benzamil Normal diet Low-salt High-salt
High-salt plus

benzamil

Food intake 0 2.18 � 0.450 (4) 2.23 � 0.450 (5) 2.82 � 1.220 (5) 2.56 � 0.593 (5) 2.80 � 1.031 (3) 2.38 � 0.453 (4) 2.68 � 0.993 (4) 2.52 � 0.697 (4)
(g/day) 2 3.11 � 0.444 (4) 2.86 � 0.760 (5) 2.74 � 0.481 (5) 2.50 � 0.279 (5) 3.43 � 0.083 (3) 3.18 � 0.385 (4) 3.25 � 0.487 (4) 2.50 � 0.429 (4)

Water intake 0 3.24 � 0.250 (4) 3.46 � 0.788 (5) 3.92 � 1.588 (5) 3.48 � 0.648 (5) 3.86 � 0.605 (3) 3.33 � 0.393 (4) 3.67 � 1.198 (4) 4.64 � 1.877 (4)
(ml/day) 2 3.84 � 0.783 (4) 2.64 � 0.714 (5) 9.09 � 1.373 (5) 7.69 � 1.660 (5) 3.88 � 1.093 (3) 2.73 � 1.172 (4) 8.52 � 0.857 (4) 6.91 � 0.971 (4)

Body weight 0 19.2 � 0.206 (4) 18.5 � 3.243 (5) 20.5 � 2.098 (5) 19.8 � 3.935 (5) 20.7 � 2.803 (3) 19.3 � 1.865 (4) 21.3 � 3.629 (4) 18.8 � 2.051 (4)
(g) 2 20.2 � 1.251 (4) 18.6 � 2.348 (5) 19.8 � 2.166 (5) 19.4 � 3.871 (5) 21.0 � 1.665 (3) 19.6 � 1.746 (4) 21.4 � 3.981 (4) 18.7 � 1.652 (4)

Urine output 0 0.59 � 0.278 (4) 1.01 � 0.358 (5) 0.85 � 0.48 (4) 0.76 � 0.411 (5) 1.10 � 0.377 (3) 0.58 � 0.222 (4) 1.11 � 0.539 (4) 0.90 � 0.337 (4)
(ml/day) 2 0.66 � 0.138 (4) 0.44 � 0.219 (5) 5.44 � 0.841 (5) 3.98 � 0.87 (5) 1.07 � 0.115 (3) 0.30 � 0.135 (4) 5.39 � 0.557 (4) 2.88 � 0.512 (4)

Urine osmolality 0 4153 � 741.9 (4) 3804 � 361.5 (5) 4746 � 1015 (5) 4370 � 548.9 (5) 4053 � 507.2 (3) 5425 � 984.3 (4) 4250 � 394 (4) 5010 � 730.8 (4)
(mmol/kg�H2O) 2 4575 � 346.7 (4) 4250 � 1255 (5) 1471 � 169.9 (5) 1739 � 123.7 (5) 4023 � 486.4 (3) 4748 � 1107 (4) 1628 � 239.5 (4) 2014 � 330.3 (4)

Urine Na� 0 0.08 � 0.023 (3) 0.16 � 0.08 (4) 0.17 � 0.142 (3) 0.16 � 0.114 (4) 0.18 � 0.097 (3) 0.12 � 0.063 (4) 0.21 � 0.106 (4) 0.18 � 0.079 (4)
(mmol/day) 2 0.16 � 0.047 (3) 2.91 � 0.336 (4) 2.64 � 0.376 (4) 0.20 � 0.019 (3) 3.10 � 0.216 (4) 2.04 � 0.303 (4)

Urine K� 0 0.18 � 0.020 (3) 0.39 � 0.123 (4) 0.36 � 0.271 (3) 0.36 � 0.210 (4) 0.43 � 0.148 (3) 0.23 � 0.086 (4) 0.50 � 0.218 (4) 0.43 � 0.155 (4)
(mmol/day) 2 0.36 � 0.085 (3) 0.17 � 0.080 (4) 0.43 � 0.046 (4) 0.39 � 0.038 (4) 0.48 � 0.031 (3) 0.11 � 0.059 (4) 0.45 � 0.062 (4) 0.30 � 0.032 (4)

Na/K ratio 0 0.46 � 0.123 (3) 0.41 � 0.089 (4) 0.43 � 0.063 (3) 0.44 � 0.079 (4) 0.41 � 0.086 (3) 0.51 � 0.118 (4) 0.42 � 0.057 (4) 0.40 � 0.068 (4)
2 0.43 � 0.034 (3) 6.82 � 0.347 (4) 6.77 � 0.433 (4) 0.42 � 0.064 (3) — 6.64 � 0.280 (3) 6.86 � 0.405 (3)

Figure 2. VDAC3-KO mice have an abnormal blood pressure response to changes in salt in their diet. We measured the blood pressure of wildtype
and knockout animals fed low-salt, normal-salt, high-salt, or high-salt plus benzamil diets. A, systolic blood pressure of wildtype and VDAC3-KO mice on
diets after 2 weeks. The boundary of the box plots closest to zero indicates the 25th percentile, a solid line within the box marks the median and the
dashed line is the mean, and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and below the box
indicate the 90th and 10th percentiles. Outlying points are represented by filled circles. Numbers within boxes are total number of measurements for each
condition. B, the difference between wildtype and knock-out blood pressure can best be appreciated by examining the change in blood pressure
compared with normal diet. **, p � 0.001; *, p � 0.05, Kruskal-Wallis ANOVA on ranks with Dunn’s post test.
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VDAC3-KO mitochondria differ in morphology from wildtype
mitochondria

VDAC3-KO is a defect in a mitochondrial anion/calcium
channel that manifests as alteration in cellular function. We
wondered whether this defect might also produce detectable
changes in mitochondrial morphology. Principal cells from
wildtype and VDAC3-KO on a normal-salt diet were imaged by
transmission electron microscopy. Fig. 4 shows that there are
obvious differences between knockout and wildtype mitochon-
dria. Mitochondria in knockout cells are less well organized
that the densely packed, parallel structure in wildtype cells (Fig.
4, A and B). In addition, mitochondria in wildtype cells are
longer and wider than mitochondria from VDAC3-KO mice.
The mean length and width of wildtype mitochondria are
1.36 � 0.797 and 0.532 � 0.164 �m (n � 97). The mean length
and width of knockout mitochondria are 0.760 � 0.335 and
0.458 � 0.186 �m (n � 89). Both the length and width of the
wildtype mitochondria are significantly larger than the knock-
out mitochondria (p � 0.001). The calculated volume of the
knockout mitochondria (0.680 � 1.12, n � 89) is also signifi-
cantly smaller than wildtype mitochondria (1.30 � 1.02, n � 97)
(p � 0.001; determined by the Mann-Whitney rank sum test).
Mitochondria in knockout animals also have electron translu-
cent areas that are not seen in wildtype mitochondria (Fig. 4, C
and D, see expanded image of the area outlined by the white
box). 26% of 89 knockout mitochondria had void spaces,
whereas no voids were observed in 97 wildtype mitochondria
(significantly different by z-test, p � 0.001).

Increases in ROS are associated with sodium imbalance in
VDAC3-KO animals

As mentioned above, VDAC3-KO is expected to compro-
mise mitochondrial function. Knockout could do this in several
ways. VDAC3 as an ion channel helps determine the mitochon-
drial outer membrane potential so knockout would compro-
mise this potential and compromise ATP production; VDAC3
also acts to buffer the ROS load in the mitochondrial intramem-
brane space by acting as a pathway for the movement of super-

oxide out of mitochondria the production of which is increased
when ATP production is compromised. Especially because
of this role in regulating superoxide, we hypothesized that
VDAC3-KO mitochondria might have elevated ROS and that
the void spaces we observed in mitochondria of VDAC3-KO
animals could be due to ROS overload. Therefore, we fed wild-
type and VDAC3-KO mice with normal-salt and high-salt diets.
Renal tubules were dissected manually and CCD were identi-
fied by morphology (white light picture, Fig. 5A). We used dihy-
droethidium (DHE), which by virtue of its ability to freely per-
meate cell membranes can report superoxide production. DHE

Figure 3. VDAC3-KO mice fail to regulate ENaC channel activity in response to dietary salt challenge. Wildtype and VDAC3-KO mice were fed with
low-salt, normal-salt, or high-salt diets. After 2 weeks, mice were sacrificed by cervical dislocation and renal tubules were manually dissected. ENaC activity was
recorded from cell-attached patches on principal cells as previously described (3, 12). A, representative traces from wildtype and VDAC3-KO mice on different
diets. B, summary of the open probability from wildtype and VDAC3-KO mice on different diets, presented as scatter plot with standard deviation. p values were
marked as above, one-way ANOVA with Holm-Sidak post test.

Figure 4. VDAC3-KO mitochondria differ in morphology from wildtype
mitochondria. Principal cells from wildtype and VDAC3-KO on normal-salt
diets were imaged by transmission electron microscopy (note primary cilium
on apical surface of cells). A, mitochondria in wildtype cells at 2 �m. B, mito-
chondria in wildtype cells at 0.5 �m. C, mitochondria in VDAC3-KO cells at 1
�m. D, mitochondria in VDAC3-KO cells at 0.2 �m (expended image of the
area outlined by white box in Fig. 4C).
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upon reaction with superoxide anions forms a red fluorescent
product (ethidium) that intercalates with DNA. A high-salt diet
by itself increases ROS fluorescence in both wildtype and
VDAC3-KO animals (wildtype normal-salt, 44.9 � 5.32, n � 27;
wildtype high-salt, 49.6 � 6.61, n � 27, p � 0.05; VDAC3-KO
normal-salt, 53.1 � 5.24, n � 30; VDAC3-KO high-salt, 57.5 �
8.38, n � 36, p � 0.05). ROS in VDAC3-KO animals is signifi-
cantly increased compared with wildtype regardless of diet (p �
0.001) (Fig. 5B). These results suggest that a high-salt diet can
increase the in vivo ROS level and VDAC3-KO animals do have
higher ROS levels than wildtype animals.

ROS scavengers can reverse the effect of a high-salt diet on
blood pressure in VDAC3-KO animals

If the elevated ROS is causing elevated blood pressure in
knockout mice then correcting the ROS levels should correct
the increase in blood pressure. To investigate this, we fed wild-
type and knockout animals a high-salt diet, high-salt diet plus
the ROS scavenger, TEMPOL (1 mmol/liter) in their drinking
water and high-salt diet plus intraperitoneal injection of the
mitochondrial ROS scavenger mito-TEMPO (0.7 mg/kg/day)
for 2 weeks and, as expected the blood pressure of the knockout
animals was significantly higher than wildtype animals on the
same diet (specific blood pressure values on a high-salt diet as
shown before, p � 0.006). The blood pressure of VDAC3-KO
animals fed high-salt plus TEMPOL in their drinking water and
high-salt plus mito-TEMPO by intraperitoneal injection was
significantly lower than those fed with high-salt diet only (high-
salt plus TEMPOL, 114 � 11.6, n � 55; high-salt plus mito-
TEMPO, 117 � 12.8, n � 100, p � 0.001), but the blood pres-
sure was not significantly different in wildtype groups (high-salt
plus TEMPOL, 114 � 13.4, n � 59; high-salt plus mito-
TEMPO, 118 � 16.4, n � 112); ROS scavengers had the largest
effect on the VDAC3-KO animals to the extent that the blood
pressure of TEMPOL- or mito-TEMPO-treated wildtype and
knockout animals was not significantly different (Fig. 6A).

ROS scavengers reverse the effect of high-salt diet on ENaC
activity in VDAC3-KO animals

The high-salt-induced increase in blood pressure in knock-
out mice is associated with an increase in ENaC open probabil-
ity (Fig. 3), but ROS scavengers reversed the effect of high-salt
on blood pressure. Could it also reduce the high-salt-induced
increase in ENaC activity? Wild-type and VDAC3-KO mice
were fed with a high-salt diet or high-salt diet plus intraperito-
neal injection of mito-TEMPO (0.7 mg/kg/day) for 2 weeks.
After 2 weeks, mice were sacrificed and kidneys were removed
and dissected (see “Experimental procedures”). ENaC activity
was recorded from cell-attached patches on principal cells.

For TEMPOL experiments, first, baseline was recorded, then
500 �mmol/liter of TEMPOL was added directly into the bath
solution in contrast to the whole animals when TEMPOL was
given in the drinking water. Once tubules are removed from the
animals and are no longer in contact with the systemic circula-
tion, bath application is more direct. For the wildtype animals,
TEMPOL reduces ENaC activity (untreated, 0.135 � 0.0506;
after TEMPOL, 0.0930 � 0.0594, p � 0.033, n � 4, paired t test);
and also reduces ENaC activity in the VDAC3-KO animals
(before, 0.304 � 0.128; after, 0.118 � 0.0392, p � 0.012, n � 5,
paired t test) to a level not significantly different from wildtype
activity after TEMPOL (p � 0.556, Mann-Whitney rank sum
test) (Fig. 6, B and C).

For mito-TEMPO experiments, ENaC activity was recorded
directly on injected animals. Mito-TEMPO is a mitochondrial
ROS scavenger, it has to cross the cell membrane, mitochon-
drial outer and inner membranes, we are not sure about how
long it takes to get into the mitochondria, so chronic intraperi-
toneal treatment is better for this specific experiment. On a
high-salt diet for 2 weeks, ENaC activity was significantly
higher in VDAC3-KO animals than wildtype animals (specific
values as shown before, p � 0.001). On a high-salt diet plus
mito-TEMPO for 2 weeks, ENaC activity was significantly

Figure 5. ROS levels are elevated in VDAC3-KO CCD. Wildtype and VDAC3-KO mice were fed normal and high-salt diets for 2 weeks. A, representative tubules
from wildtype and VDAC3-KO mice on a normal diet in white light and red fluorescence forms. B, mean fluorescence in wildtype and VDAC3-KO animals on
normal and high-salt diets. Box plot with whiskers as explained in Fig. 2A. p values were marked as above, one-way ANOVA with Holm-Sidak post test.
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lower in VDAC3-KO animals than on a high-salt diet only
(0.161 � 0.0374, n � 6, p � 0.001); but in wildtype animals,
ENaC activity was not different between the high-salt diet and
high-salt diet plus mito-TEMPO (0.140 � 0.0431, n � 7). With
high-salt plus mito-TEMPO, ENaC activity was not different
between wildtype and VDAC3-KO animals (Fig. 6, D and E).

A mitochondrial ROS scavenger can partially correct the
morphology changes in VDAC3-KO animals

There were obvious morphological differences between
VDAC3-KO and wildtype mitochondria (as shown in Fig. 4)
and we hypothesized that the changes were due to mitochon-
drial superoxide overload. We speculated that we could correct
the morphology if we corrected the mitochondrial superox-
ide. We examined by EM, mitochondria of CCD cells from
VDAC3-KO mice on a high-salt diet plus intraperitoneal injec-
tion of mito-TEMPO (0.7 mg/kg/day) for 2 weeks, the length,
width, and volume of mitochondria were not significantly dif-
ferent from those in wildtype cells (length, 1.13 � 0.580; width,
0.502 � 0.167; volume, 1.28 � 1.07, n � 98). Both the length
and volume of the mito-TEMPO-treated mitochondria are
significantly larger than the knock-out mitochondria (p �
0.001, Kruskal-Willis one-way analysis on ranks with Dunn’s
post test). Only 1 out of 98 had a void in the mitochondria,

and the mitochondria are more organized than those from
VDAC3-KO cells, but still not as organized as those from
wildtype cells (Fig. 7, A–C).

Discussion

Function of mitochondria and VDACs

Mitochondria produce cellular energy in the form of ATP.
The mechanism for the production was first described in the
early 1960s by Mitchell (12, 13). However, mitochondria are
involved in several other important cellular functions. These
functions include the exchange of proteins, lipids, or ions
between the internal mitochondrial matrix and the cytosol, the
regulated initiation of apoptotic cascades, control of signaling
pathways that regulate respiration and metabolic functions,
the regulation of the levels of reactive oxygen species produced
by the respiratory chain, and the control of mitochondrial mor-
phogenesis. Mitochondria contain two aqueous compart-
ments: the matrix and the intermembrane space (14). Many of
the functions of mitochondria depend upon the selective per-
meability of the outer membrane and the composition of the
intermembrane space. The permeability of the membrane and
the ionic composition depend upon several transporters
including the so-called VDACs, voltage-dependent anion chan-

Figure 6. ROS scavengers reverse sodium imbalance in VDAC3-KO animals. A, systolic blood pressure form wildtype and VDAC3-KO mice were fed with
high-salt diet (to show a more direct compare, take high-salt blood pressure from Fig. 2A), high-salt diet plus 1 mmol/liter of TEMPOL in drinking water, and a
high-salt diet plus intraperitoneal injection of 0.7 mg/kg/day of mito-TEMPO for 2 weeks. p values were generated by Kruskal-Wallis ANOVA on ranks with a
Dunn’s post test. B and C, TEMPOL effects on ENaC activity of wildtype and VDAC3-KO mice on a high-salt diet for 2 weeks. Representative traces and open
probability summary are shown, *, p � 0.05, paired t test. D and E, representative traces and ENaC channel open probability summary from wildtype and
VDAC3-KO mice on a high-salt diet plus mito-TEMPO injection, p values were generated by one-way ANOVA with Holm-Sidak post test (to see a more direct
comparison, examine high-salt representative traces and data from Fig. 3, A and B).
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nels. There are 3 isoforms of VDAC, 1–3. The three VDAC
isoforms are highly conserved, particularly with respect to their
3D structure. All VDAC isoforms are ubiquitously expressed
and VDACs are involved in cell metabolism by transporting
ATP, Ca2�, and superoxide across the outer mitochondrial
membrane. VDACs form a wide �-barrel structure, inside of
which the N-terminal is located and controls the permeabil-
ity of the pore. The sequence of the VDAC3 isoform contains
an abundance of cysteines, which are sensitive to reactive
oxygen species and affect the flexibility and selectivity of the
�-barrel (15).

VDAC3 phenotype

We would expect that VDAC3-KO mice would have a phe-
notype associated with defects in mitochondrial function and in
the ability of mitochondria to regulate ROS in the mitochondria
and cytosol. Surprisingly to us, when we examined several dif-
ferent parameters of renal function that could depend upon
functional mitochondria, we could find no significant differ-
ence between wildtype and VDAC3-KO animals in any of
the metabolic parameters we measured (Fig. 1). There were,
however, other measures of mitochondrial deficits. Blood pres-
sure in VDAC3-KO mice was abnormal. When animals were
stressed by placing them on a high-salt diet, blood pressure was
different from wildtype animals (Fig. 2A). Specifically, normal
diet KO animals had blood pressure lower than their wildtype
counterparts. The difference in blood pressure between normal
diet and high-salt diet was also profound: for wildtype animals,
there was little change in blood pressure, but knockout animals
had a significant increase in blood pressure. The likely source of
these differences in blood pressure was suggested by the fact
that the ENaC-selective inhibitor, benzamil, normalized the
blood pressure of the KO animals. This involvement of ENaC is
supported by our observation of single ENaC channels in prin-
cipal cells after animals were treated with different diets. In
wildtype animals, open probability of ENaC decreases as salt in
the diet increases (Fig. 3). This is an expected response of the
channels to protect against increased ENaC activity that could
lead to increased blood pressure. Studies have shown that this
decrease is due to an increase in intracellular Ca2� that reduces
ENaC activity (16 –18). In contrast, for VDAC3-KO animals,
ENaC activity was not appropriately controlled: ENaC activity
was very high in principal cells from animals on a high-salt diet.

The response to high-salt is consistent with significantly ele-
vated blood pressure in knockout animals on high-salt diet.

The role of ROS

The reduced blood pressure in animals on normal diet is
likely due to mildly elevated intracellular Ca2� because Ca2� is
not taken up by VDAC3-KO mitochondria. This hypothesis
is consistent with the normal diet animals and the function of
VDAC3 to sequester Ca2� in mitochondria. This model is not
consistent with the elevated blood pressure in high-salt diet
animals. Elevated blood pressure and high ENaC single channel
activity would require that apical Ca2� was substantially
reduced. This is inconsistent with VDAC3 loss-of-function. An
explanation of the high blood pressure is suggested by an exam-
ination of the electron micrographs of knockout principal cells
(Fig. 4). The void spaces are similar to those in mitochondria
that have been exposed to excess ROS produced by the mito-
chondria (19 –21). It is also known that high-salt diets can lead
to excess mitochondrial production of superoxide and other
ROS (22–24). We speculated that in animals on a high-salt diet
ROS was strongly elevated. In fact, when we used dihydro-
ethidium to measure ROS, we found that ROS in knockout
animals on the normal diet was higher than wildtype animals.
Feeding animals a high-salt diet modestly increased ROS in
wildtype animals, but dramatically increased ROS in knock-out
animals (Fig. 5). In other words, the levels of ROS correlated
with blood pressure. We examined whether we could correct
the blood pressure with an ROS scavenger, TEMPOL. In Fig.
6A, TEMPOL decreased blood pressure in wildtype and knock-
out animals on a high-salt diet but only the decrease was signif-
icant in knockout animals. Addition of TEMPOL to drinking
water corrected the blood pressure and made wildtype and
knockout animals appear the same. Examination of the open
probability of single ENaC channels shows that TEMPOL
reduces activity in animals on both types of diet, but the
decrease is most dramatic in knockout animals (Fig. 6, B and C).
We have previously shown that ENaC activity is dependent on
levels of ROS, particularly superoxide (25–28). We felt that our
observed results were due to excess mitochondrial ROS pro-
duction, but TEMPOL reduces ROS throughout the cell.
Therefore, we also used a TEMPOL derivative that specifically
targets mitochondria, mito-TEMPO. This agent must be
administered by i.p. injection. Nonetheless, like TEMPOL, it

Figure 7. Mito-TEMPO partially correct the morphological changes in mitochondria from VDAC3-KO cells. VDAC3-KO mice were treated with a high-salt
diet plus mito-TEMPO injection for 2 weeks. After 2 weeks, mice were sacrificed and CCD cells were imaged by EM. A, mitochondria from CCD cell at 1 �m. B and
C, mitochondria from CCD cell at 0.5 �m.
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reverses the effect of a high-salt diet in VDAC3-KO animals on
both blood pressure and ENaC activity (Fig. 6). It also reverses
almost all of the morphological changes seen in the KO animals
(Fig. 7) reversing the reduction in size and producing mito-
chondrial organization similar to wildtype.

Extra-renal effects of VDAC3

VDAC3-KO is a global knockout and it has been reported to
produce effects in other tissues especially those with very high
energy requirements like skeletal and cardiac muscle (29),
sperm (30), and CNS cells (31). There is also a small effect of
VDAC3-KO on mouse growth (32). On the other hand, the
phenotype we observe involves abnormal activity of ENaC so
that an extra-renal effect would somehow have to activate
ENaC. There is only one major systemic agent that increases
ENaC, the steroid hormone aldosterone. It is produced by the
adrenal cortex in response to elevated angiotensin II or to ele-
vated potassium. We measured urinary potassium and found
no difference between KO and wildtype animals implying that
systemic potassium was not increased and would not stimulate
aldosterone.

An increase in angiotensin II seems even more unlikely. Ang-
iotensin II is stimulated by low blood pressure and hypovol-
emia, neither of which are likely to apply under conditions of
the high blood pressure associated with a high-salt diet in the
KO animals. Thus, we conclude that the increase in ROS in
renal principal cells is the primary mechanism underlying the
increase in ENaC. Even if ROS is generally produced, the life-
time of ROS is such that only very locally produced ROS could
affect ENaC.

In summary, knockout of one protein responsible for super-
oxide regulation across the outer membrane of mitochondria
produce abnormalities in blood pressure. We have shown that
this is due to an inability of the mitochondria to regulate mito-
chondrial ROS in response to high-salt that leads to mitochon-
drial damage and a substantial increase in ENaC activity.

Experimental procedures

Animals

Heterozygous VDAC3 mice were obtained from Dr. William
Craigen at Baylor College of Medicine and maintained in house.
All animal experiments were performed on male and female
VDAC3 homozygous knockout mice and their wildtype litter-
mate controls (an inbred 129SvEv background) ages 2– 6
months. The genotypes of the mice were determined by PCR, as
previously described by Dr. William Craigen (30). Mice were
kept on a 12:12-h light-dark cycle and given free access to food
and water. Mice were generally divided into 4 groups and fed
normal-salt (LabDiet 5001, 0.39% Na�), low-salt diet (ENVIGO
TD.08290, 0.01–0.02% Na�), high-salt diet (ENVIGO TD.92012,
3.2% Na�), or high-salt diet with a daily intraperitoneal injec-
tion of 1.4 mg/kg body weight of benzamil (ENaC channel
blocker) for 2 weeks. To test whether ROS is involved in ENaC
regulation, wildtype mice and VDAC3-KO mice were fed with a
high-salt diet for 2 weeks. For blood pressure measurements, 1
mmol/liter of TEMPOL was added in drinking water, and water
was changed once a week. For single channel recording, 500
�mol/liter of TEMPOL was added to the bath solution directly.

To test whether mitochondria are the source of ROS, wildtype
and VDAC3-KO mice were fed with high-salt diets plus intra-
peritoneal injection of 0.7 mg/kg/day of mito-TEMPO (mito-
chondria-targeted antioxidant) for 2 weeks, we performed both
blood pressure and patch-clamp measurements. All of our ani-
mal protocols and procedures in this paper were approved by
the Emory Institutional Animal Care and Use Committee
(IACUC).

Metabolic parameters

Mice were placed in metabolic cages (Techniplast) for 3 days:
on the first day mice were put into cages to acclimate, on the
second day water and food were measured, and on the third day
water intake, food intake, body weight, and urine volume mea-
surements were taken. Baseline measurements began on day 0,
whereas animals were on normal diet and then the same mea-
surements were made after the animals were on a test diet for 2
weeks. Urine collected was used for osmolality and electrolyte
measurements.

Urine analysis

Urine was centrifuged at 15,000 rpm for 15 min to separate
any insoluble substance before analysis. Urine osmolality was
measured by a vapor pressure osmometer (Wescor). Urine
electrolytes (sodium and potassium) levels were measured from
urine samples taken before and after 2 weeks of treatment.
Urine was diluted 1:10 with urine diluent (EasyLyte Medica)
and analyzed with a EasyLyte analyzer (Medica Corporation).

Blood pressure measurements

Systolic blood pressure was measured by tail cuff as previ-
ously described (33). Briefly, blood pressures were measured for
3–5 consecutive days before and then after 2 weeks of treat-
ments. Data from the first 1 or 2 days of each cycle were dis-
carded as this was considered a transition period in which the
mice become accustomed to the procedure. Between measure-
ment times, mice were allowed to rest for 2– 4 days to avoid
extraordinarily high stress levels. Blood pressures were mea-
sured on a warmed platform (BP-2000, Visitech Systems), and
mice were put on the platform to rest for 10 min before mea-
surement. Five preliminary measurements were made and dis-
carded to accustom mice to the procedure. Daily blood pres-
sures are an average of 10 measurements each day on 4 to 6
mice (up to 8 mice for wildtype high-salt diet).

Transmission electron microscopy

Wildtype control mice, VDAC3-KO mice, and VDAC3-KO
mice fed with a high-salt diet plus intraperitoneal injection of
0.7 mg/kg/day of mito-TEMPO (mitochondria-targeted anti-
oxidant) for 2 weeks were anesthetized with a intraperitoneal
injection mixture of ketamine:xylazine. Toe pinch was used to
check the depth of the anesthesia. The abdominal cavity was
opened to the diaphragm, and a butterfly needle was inserted
into the abdominal aorta at the bifurcation of the iliac arteries.
The aorta was tied above the level of the renal arteries, and the
left renal vein was cut to allow exit of perfusate. Mice were
perfused with PBS to remove blood followed by a fixative (2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, provided by
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the Robert P. Apkarian Electron Microscopy Facility at Emory).
Kidneys were removed and fixed in the same fixative, subse-
quently processed and imaged by the Robert P. Apkarian Elec-
tron Microscopy Facility.

Single channel recording in isolated, split-opened kidney
tubules

Renal tubules were manually dissected in cold Hanks’ bal-
anced salt solution, and the CCD was identified by morphology.
Tubules were placed in extracellular bathing solution (150 mM

NaCl, 5 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM glucose, and
10 mM HEPES adjusted pH to 7.4) in a plastic dish before being
split open to reveal the apical surface of the cells before single-
channel patch-clamp as previously described (33, 34). Briefly, a
microelectrode was filled with physiological buffer solution in
which lithium was substituted for sodium (140 mM LiCl, 2 mM

MgCl2, and 10 mM HEPES, pH 7.4) and lowered to a single cell
before application of a small amount of suction to achieve a �1
G seal. ENaC were identified by characteristic channel kinetics
(long mean open and closed times �0.5 s) and the current-
voltage relationship of the channel (unit conductance close to 6
pS and a very positive, �40 mv, reversal potential).

In vivo detection of ROS

Detection of ROS in single kidney tubules is modified from
the previous protocol of Owusu-Ahsah et al. (35). Briefly, renal
tubules were dissected in Hanks’ balance solution at room tem-
perature, and CCDs were identified by morphology. Single
CCD was adhered to the bottom of a plastic dish coated with
adhesive (Corning Cell-Tak) in Hanks’ balance solution. After
dissection and immediately before use, we made a DHE stock
solution (30 mM in anhydrous DMSO). We added 3 �l of the
stock solution in 3 ml of Hanks’ balanced salt solution to give a
final concentration of �30 �M and vortexed to evenly disperse
the dye. Tubules were incubated with the dye three times for 3
min in a dark chamber, on an orbital shaker at room tempera-
ture. Images of the tubules were captured immediately using a
florescence microscope (Nikon ECLIPSE TE200). ImageJ was
used to analyze the mean fluorescence of the ROS in kidney
tubule by outlining the tubule and quantifying the average fluo-
rescence within the tubule.

Chemicals

Most chemicals were purchased from Sigma. Benzamil was
purchased from Tocris Bioscience (catalog number 3380) and
dissolved in 1� PBS with gentle sonication. DHE was pur-
chased from ThermoFisher Scientific (Molecular Probes, cata-
log number D11347). Mito-TEMPO was purchased from Enzo
Life Sciences (catalog number ALX-430-150-M005).

Data analysis and statistics

GraphPad Prism6 was used to generate the scatter plot
graphs. SigmaPlot 13 (SigmaStat) was used to perform all other
data analysis and generate graphs. One-way ANOVA with
Holm-Sidak post test was used to compare differences between
treatments when values where normally distributed; e.g.
between genotype and diets. For data that was not normally
distributed; e.g. blood pressure measurements and mito-

TEMPO, we used a Kruskal-Wallis ANOVA on ranks with
Dunn’s post test to determine significant differences between
treatments. Except for scatter plot figures and the difference in
means in Fig. 2B, data are presented as box plots in which the
boundary of the box closest to zero indicates the 25th percen-
tile, a solid line within the box marks the median, and the
dashed line is the mean, and the boundary of the box farthest
from zero indicates the 75th percentile. Whiskers (error bars)
above and below the box indicate the 90th and 10th percentiles.
Outlying points are shown individually in the graph. Morphol-
ogy changes in VDAC3-KO animals compared with wildtype
were determined with a Mann-Whitney rank sum test. The
difference in the percentage of voids in mitochondria of
VDAC3-KO and wildtype mice was assessed with z-test. The
difference before and after TEMPOL treatment was assessed
with a paired t test. Specific statistical methods for each exper-
iment was marked in the figure legends and under “Results.”
Data are presented as mean � S.D. except where noted. p values
less than 0.05 were considered significant.
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