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Isocitrate dehydrogenase 3 (IDH3) is a key enzyme in the
mitochondrial tricarboxylic acid (TCA) cycle, which catalyzes
the decarboxylation of isocitrate into α-ketoglutarate and
concurrently converts NAD+ into NADH. Dysfunction of
IDH3B, the β subunit of IDH3, has been previously correlated
with retinal degeneration and male infertility in humans, but
tissue-specific effects of IDH3 dysfunction are unclear. Here,
we generated Idh3b-KO mice and found that IDH3B is essen-
tial for IDH3 activity in multiple tissues. We determined that
loss of Idh3b in mice causes substantial accumulation of iso-
citrate and its precursors in the TCA cycle, particularly in the
testes, whereas the levels of the downstream metabolites
remain unchanged or slightly increased. However, the Idh3b-
KO mice did not fully recapitulate the defects observed in
humans. Global deletion of Idh3b only causes male infertility
but not retinal degeneration in mice. Our investigation showed
that loss of Idh3b causes an energetic deficit and disrupts the
biogenesis of acrosome and flagellum, resulting in spermio-
genesis arrestment in sperm cells. Together, we demonstrate
that IDH3B controls its substrate levels in the TCA cycle, and it
is required for sperm mitochondrial metabolism and sper-
miogenesis, highlighting the importance of the tissue-specific
function of the ubiquitous TCA cycle.

The mitochondrial tricarboxylic acid (TCA) cycle is a
central metabolic pathway for energy production, macro-
molecule synthesis, cellular redox balance, and cell signaling
(1). This cycle consists of a series of biochemical reactions to
oxidize nutrients to generate ATP and intermediates for the
synthesis of proteins, lipids, and nucleotides. Beyond these
classical functions, mitochondrial intermediates, such as cit-
rate, α-ketoglutarate (αKG), and succinate, are also important
signaling molecules for post-translational modifications and
epigenetic control of gene expression (1, 2). The malfunction
of the TCA cycle is implicated in a wide spectrum of
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disorders, including neurodegenerative diseases, blindness,
tumorigenesis, inflammation, obesity, and male infertility
(1, 3–5).

Isocitrate dehydrogenase (IDH), which converts isocitrate
into αKG, is a crucial control point for the TCA cycle. In
mammalians, IDH exists in three isoforms: IDH1, IDH2, and
IDH3. IDH1 and IDH2, localized in the cytosol and mito-
chondria, respectively, catalyze the reversible interconversion
of isocitrate and αKG using NADP(H)+ as cofactor. Their
forward reaction (oxidative decarboxylation) and reverse re-
action (reductive carboxylation) play critical roles in lipogen-
esis, redox homeostasis, and cell proliferation (6–9). IDH3 is
the classic TCA cycle enzyme, using NAD+ as its cofactor to
catalyze the irreversible conversion of isocitrate into αKG and
the reduction of NAD+ into NADH for mitochondrial respi-
ration. IDH3 finely regulates the rate of the TCA cycle through
substrate availability and allosteric regulation. IDH3 activity is
stimulated by citrate, isocitrate, NAD+, ADP, Mg2+, Mn2+, and
Ca2+ but inhibited by NADH, αKG, ATP, and NADPH
(6, 10–12).

IDH3 is a heterotetramer composed of the αβ and αγ het-
erodimers. The α subunit is critical for the catalytic activity,
but it requires the β and γ subunits for structural assembly and
allosteric regulation. Without β or γ subunit, the α subunit
alone has almost no activity (13, 14). IDH3 subunits are
encoded by IDH3A, IDH3B, and IDH3G, which express
abundantly in mitochondria-rich tissues, such as the heart,
skeletal muscle, and brain. Although ubiquitously expressed,
human mutations or altered expression of IDH subunits are
biased toward specific tissues in diseases. Mutations of IDH3A
and IDH3B are identified in patients with inherited retinal
degeneration, pseudocoloboma, and epileptic encephalopathy
(4, 15–18). IDH3A is associated with tumorigenesis, and its
expression is upregulated in patient samples from hepatocel-
lular carcinoma and glioblastoma (19, 20). Significantly,
reduced IDH3B is found in spermatozoa from patients with
male infertility and poor sperm motility (5, 21, 22). Loss of
Idh3a in mice is embryonic lethal, but mice with Idh3a E229K
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Isocitrate dehydrogenase 3b is required for spermiogenesis
mutation exhibits retinal degeneration (23). In Drosophila
melanogaster, Idh3b-mutant larval salivary gland cells fail to
undergo mitochondrial fragmentation and oxidative phos-
phorylation, resulting in the death of these cells (24). Although
the enzyme structure, regulation, and mutations have been
well studied, how mutations or altered expression of IDH3
subunits impact mitochondrial metabolism to cause tissue-
specific impairment in vivo remains elusive.

In this study, we investigate how the global loss of Idh3b
influences mitochondrial metabolism, visual function, retinal
viability, and male fertility in mice. We demonstrate that
IDH3B is essential for IDH3 activity and TCA cycle inter-
mediate metabolism. Surprisingly, testis mitochondria spe-
cifically rely on IDH3 for their mitochondrial metabolism,
and the loss of Idh3b leads to severe arrestment of spermio-
genesis. However, IDH3B is dispensable for visual function
and retinal viability. Our study provides fundamental infor-
mation on the tissue-specific function and metabolic regula-
tion of IDH3 and sheds new insight on understanding the role
of the TCA cycle in retinal health, sperm development, and
male infertility.
Results

Global deletion of IDH3B reduces or abolishes IDH3 activity in
the heart, brain, retina, and testes

To determine the functions of IDH3B in vivo, we obtained
Idh3b global (whole-body) KO mice from the Jackson Labo-
ratory. The Idh3b-KO mice were generated by the injection of
four guide RNAs using CRISPR/Cas9 technology, resulting in
343 bp deletion in exons 2 to 4 (Fig. 1A). Before validating the
deletion of IDH3B, we evaluated the protein levels of IDH3
subunits in different tissues from the WT mice by Western
blot. Among the eight tissues we examined, the heart and
brain were the two tissues with the most abundant IDH3B
expression (Fig. 1B). To confirm the global deletion of Idh3b
in mice, we chose four tissues for analyses: tissues with the
most abundant IDH3B protein expression (heart and brain)
and tissues with potential functional defects based on the
literature (retina and testis). Immunoblot results showed that
IDH3B protein level is similar between the heterozygous
(HET) and the WT mice in all the four tissues but unde-
tectable in the homozygous (KO) mice, confirming that
IDH3B is globally deleted in the KO mice (Fig. 1C). To
examine how IDH3 activity is affected when IDH3B is absent,
we performed enzyme activity assays for retina, brain, heart,
and testis from WT, HET, and KO mice. IDH3 activities in
the retina, brain, and testis from the KO mice were almost
completely abolished; however, �30% of IDH3 activity was
preserved in the heart (Fig. 1D). Since the HET mice had
similar IDH3B protein level and IDH3 activities to the WT,
we adapted the HET mice as the control group for most
analyses to save animals and facilitate breeding. Taken
together, we validated the global deletion of IDH3B in Idh3b-
KO mice and showed that IDH3B is essential for IDH3 ac-
tivity, especially in the retina, brain, and testis.
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Loss of Idh3b changes the expression levels of IDH3A and
IDH3G subunits in testis but not retina

To investigate whether the loss of Idh3b altered the
expression of other IDH3 subunits, we quantified the protein
expression of IDH3A and IDH3G in the retina and testis. In
the retina, densitometry data showed no significant difference
in IDH3A and IDH3B protein levels between HET and KO
(Fig. 1, E–G). However, in the testis, IDH3A was reduced by
75% (p < 0.05), whereas IDH3G was increased by 35% (p <
0.05) in the KO mice (Fig. 1, H–J). Overall, our results suggest
that IDH3B is required for the proper expression of other
IDH3 subunits in the testis but not the retina.

Idh3b KO mice have normal growth and vision without retinal
degeneration

The Idh3b-KO mice showed normal appearance, hair co-
lor, and body weight (Fig. S1, A and B). There was no dif-
ference in the tissues/body weight in major organs, including
heart, kidney, and liver between the KO and HET mice,
suggesting that Idh3b-KO mice have normal body growth
(Fig. S1, C–E). To investigate whether the KO mice have
retinal degeneration, we examined the visual function by
electroretinogram (ERG) and retinal morphology by optical
coherence tomography (OCT) in vivo and H&E staining of
eye sections in vitro. ERG responses from postnatal day 115
(P115) to P250 progressively declined with aging at the same
rate between the KO and HET mice (Fig. S2, A–D). At P250,
there were no significant changes in scotopic and photopic
a-wave and b-wave at all light intensities in KO mice,
compared with the HET (Fig. 2, A–D). OCT showed no
difference in the thickness of each retinal layer between the
KO and HET mice at the age of P200 (Fig. S2, E and F).
Quantification of the thickness of the photoreceptor layer
(outer segment and inner segment) and the number of nuclei
in outer nuclei layer from H&E-stained eye sections
confirmed that Idh3b-KO mice had normal retinal
morphology at P250 (Fig. 2, E–H). Together, these results
demonstrate that Idh3b-KO mice have normal vision and
retinal morphology without retinal degeneration.

The substrates of the IDH3 reaction are accumulated, but the
products remain unchanged in Idh3b KO retinas

IDH3 irreversibly converts isocitrate from citrate and
aconitate into αKG in the TCA cycle (Fig. 3A). To examine
how Idh3b ablation affects mitochondrial intermediary
metabolism, we measured the abundance of TCA cycle me-
tabolites from freshly isolated mouse retinas using GC/MS.
As expected, metabolites from upstream reactions of IDH3,
including citrate, isocitrate, and aconitate, were accumulated
about twofold in retinas from the KO mice (Fig. 3B). How-
ever, αKG and its downstream metabolites, including gluta-
mate, succinate, fumarate, malate, and aspartate, remained
unchanged (Fig. 3B). These TCA cycle metabolites can be
generated from different nutrient sources, such as glucose,
fatty acids, and amino acids. To trace the changes of me-
tabolites from the same nutrient source, we incubated freshly



Figure 1. Generation of Idh3b KO mice. A, schematic of Idh3b-KO mice with a deletion of exon 2 to 4 by CRISPR/Cas9. B, protein expression of IDH3A,
IDH3B, and IDH3G in retina, retinal pigmented epithelium (RPE), brain, heart, kidney, liver, muscle, and testis from WT mice at P80. C, Western blot analysis
for IDH3B in heart, brain, retina, and testis from WT, HET, and KO mice. GAPDH was used as loading control for heart and β-tubulin (β-tub) was used as
loading control for brain, retina, and testis. Repeated for three times. D, enzymatic activity analysis of IDH3 in heart, brain, retina, and testis from WT, HET,
and KO mice at P50. N ≥ 4. *p < 0.05 KO versus WT or HET. E–G, Western blot analysis of IDH3A and IDH3G expression in retinas from mice at P200. E,
representative Western blot image. F and G, semiquantification of blots by normalizing with the loading control β-tubulin. N ≥ 3, *p < 0.05. H–J, Western
blot analysis of IDH3A and IDH3G expression in testis from mice at P50. H, representative Western blot image. I and J, semiquantification of blots. N ≥ 4,
*p < 0.05. Data are all represented as mean ± SD; t test. HET, heterozygous; IDH, isocitrate dehydrogenase.

Isocitrate dehydrogenase 3b is required for spermiogenesis
isolated retinas with 13C glucose and analyzed 13C glucose-
labeled metabolites by GC/MS as previously reported (25,
26). Our results showed that the abundance of 13C glucose-
labeled glycolytic intermediates including phosphoenolpyr-
uvate, pyruvate, and lactate were similar between the HET
and KO retinas. For TCA cycle intermediates, 13C glucose-
labeled citrate, isocitrate, and aconitate increased twofold to
threefold in the KO retinas, whereas other intermediates
remained unchanged (Fig. 3C). These results suggest that
IDH3B is critical for the levels of its substrates but not
products. To examine whether another two IDH isoenzymes
(IDH1 and IDH2) compensated for the loss of IDH3B, we
measured their protein expression and enzyme activity from
the isolated retinas. There was no significant difference in
either IDH1 or IDH2 expression level between HET and KO
(Fig. 3, D–F). The retinas from HET and KO showed similar
NADP-dependent IDH activity from IDH1 and IDH2
(Fig. 3G). Overall, these results indicate that IDH3B is
essential for mitochondrial isocitrate oxidation in the retina
and for maintaining the levels of TCA cycle metabolites.
J. Biol. Chem. (2022) 298(9) 102387 3



Figure 2. Loss of Idh3b did not affect visual function and retinal health in mice. A and B, representative scotopic (0.8 cd*s/m2) and photopic (10 cd*s/
m2) ERGs of Idh3b KO and Idh3b HET (control) at P250. N ≥ 4. C and D, scotopic ERG and photopic ERG analysis under different light intensities for HET and
KO mice at P250. N ≥ 4. E, representative retinal H&E images from HET and KO mice at P250. F, number of nuclei in outer nuclei layer (ONL) at different
positions of the eye. N ≥ 3. G and H, thickness of inner segment (IS) and outer segment (OS) at different positions of the eye. N ≥ 3. Data are all represented
as mean ± SD; t test. ERG, electroretinogram; HET, heterozygous.

Isocitrate dehydrogenase 3b is required for spermiogenesis
Idh3b KO male mice are sterile with no matured sperms in the
epididymis

During the generation of Idh3b-KO mice, we observed that
male KO mice could not generate pups when bred with either
HET females or WT females for up to 6 months. However, the
breeding of KO females with HET males was normal. We
performed a gross examination of isolated testes and found
that the size and weight of testes is similar between the HET
and KO (Fig. S3, A and B). To ask whether the sperms were
normal in Idh3b-KO mice, we dissected the cauda epididymis
(where matured sperms are stored), live-imaged, and counted
the number of sperm cells under the light microscope. All
sperm cells from the HET mice were motile with normal
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head–tail morphology (Fig. 4A and Video S1). However, the
KO mice had nearly no mature spermatozoa and showed a
large accumulation of immotile round sperm cells (Fig. 4B and
Video S2). By counting the sperm cells, we found that both
WT and HET mice had �6 million healthy and mature sper-
matozoa, whereas the KO mice had no mature spermatozoa
except �0.8 million round sperm cells (Fig. 4, C and D).
Histological analysis of the cauda epididymis using H&E
staining confirmed that epididymal ducts in the KO mice were
filled with immature round sperm cells (Fig. 4, E and F). These
immature cells exhibited multiple defects including enlarged
and vacuolated cytoplasm, vacuolated nucleus, multi-
nucleation, and fragmentation (Fig. 4,E’ and F’). Overall, we



Figure 3. Loss of Idh3b disrupted cellular metabolism in the retina. A, schematic of TCA cycle metabolism. B, fold change of TCA cycle metabolites in
retina from KO mice. N = 4, *p < 0.05. C, fold change of 13C-glucose-derived metabolites in the retina from KO mice. N ≥ 4, *p < 0.05. D–F, Western blot
analysis of IDH1 and IDH2 in the retina from mice at P200. D, representative Western blot image. E and F, semiquantification of IDH1 and IDH2 level in retina.
β-Tubulin (β-Tub) was used as loading control. N ≥ 3. G, enzymatic activity of IDH1 and IDH2 under different isocitrate concentrations in the retina from HET
and KO mice. N ≥ 4. HET, heterozygous; IDH, isocitrate dehydrogenase; TCA, tricarboxylic acid.

Isocitrate dehydrogenase 3b is required for spermiogenesis
found that Idh3b-KO male mice were infertile without mature
spermatozoa, indicating that sperm development is impaired
in the Idh3b-KO mice.
Spermiogenesis is arrested in Idh3b KO mice

Sperm development occurs in seminiferous tubules of the
testis and consists of three stages: mitosis, meiosis, and sper-
miogenesis. To investigate how Idh3b ablation influenced
sperm development, we stained cross-sectioned testis and
quantified different cell populations in seminiferous tubules.
There was no difference in the number of cells in the early
developmental stages, including spermatogonia, pachytene,
leptotene/zygotene, and spermatid, between the HET and KO
mice (Fig. 5, A–C), suggesting that sperm cells have normal
development in mitosis and meiosis in the KO mice. However,
the number of mature spermatozoa was reduced approxi-
mately fivefold in the KO testis, indicating a spermiogenesis
arrestment in Idh3b-KO mice (Fig. 5C). Mouse spermiogenesis
can be subdivided into 16 steps based on the morphological
changes of the acrosome, a cap-like organelle attached to the
nucleus (Fig. S4A). To define the impaired steps in spermio-
genesis in the KO mice, we stained the glycoprotein in acro-
some by periodic acid-Schiff. We found that spermatids at the
same differential step orderly encircled the seminiferous tu-
bules in HET testis but were disorganized in the KO testis
(Fig. S4B). Detached or malformed acrosomes were observed
in KO but not HET in steps 2 to 7 (Fig. 5, D–I). HET mice
developed a normal oval shape nucleus starting from step 8
(Fig. 5, J–L). However, the shapes of the nucleus in the KO
testis were irregular with round heads (Fig. 5 K–M). In addi-
tion, flagella (the tails), another important feature in mature
J. Biol. Chem. (2022) 298(9) 102387 5



Figure 4. Idh3b male KO mice are sterile and lack the ability to produce
mature spermatozoa. A and B, representative images of sperm cells ob-
tained from the cauda epididymis of HET and KO mice at P50. C and D,
quantifications of mature spermatozoa and round sperm cells in the cauda
epididymis. N ≥ 3, *p < 0.05 versus WT or HET. Data are represented as
mean ± SD; t test. E and F, H&E analysis of cauda epididymis in HET and KO
mice at P50. E0 and F0 , magnified H&E images (green arrow: enlarged and
vacuolated cytoplasm; yellow arrow: vacuolated nucleus; and black arrow:
fragmented nucleus). HET, heterozygous.

Isocitrate dehydrogenase 3b is required for spermiogenesis
spermatozoa, were abundant in the HET but scarce in KO
mice (Fig. S4B). These results indicate that loss of Idh3b results
in spermiogenesis arrestment.

Loss of IDH3B disrupts acrosome biogenesis

The acrosome is formed by organelle-derived (particularly
Golgi) proacrosomal vesicles that traffick, fuse, and anchor to
the nuclear surface during spermiogenesis. Acrosome
biogenesis can be divided into four phases: Golgi (steps 1–3),
cap (steps 4–7), acrosome (steps 8–12), and maturation (steps
13–16) phases (Fig. S4A). To visualize acrosome biogenesis, we
stained the acrosome, nucleus, and Golgi with peptide nucleic
acid, 40,6-diamidino-2-phenylindole, and GM130. In steps 2 to
3 (Golgi phase), a single and sphere acrosomal granule is
attached to the nucleus in the HET testis but detached in the
KO with or without misoriented Golgi, indicating a compro-
mised vesicle trafficking and anchoring in the KO mice (Fig. 6,
A and B). In steps 4 to 5 (cap phase), proacrosomal granules
displayed abnormal shapes and failed to transform into a cap
shape in the KO testis (Fig. 6, C–F). In steps 6 to 7 (cap phase),
cap-shaped proacrosomal vesicles were orderly oriented to-
ward the nucleus in the HET, but the proacrosomal vesicles
were scattered to float around the nucleus in the KO testis,
indicating vesicle trafficking and fusion impairments. In the
6 J. Biol. Chem. (2022) 298(9) 102387
later steps (acrosome and maturation phases), the HET mice
developed elongated mature acrosomes, whereas the KO ac-
rosomes were fragmented and disoriented. (Fig. 6, G–J). To
confirm these findings, we examined the ultrastructure of
acrosome biogenesis using the transmission electron micro-
scope (TEM). Consistently, we found multiple defects in
acrosome biogenesis in the KO. These defects included (1)
Golgi misorientation and acrosome detachment in Golgi
phase, (2) no acrosome or eccentric and dilated acrosome
granules in cap phase, (3) no acrosome or immature acrosome
with mislocalized acrosomal granule in acrosome phase, and
(4) no acrosome or detached acrosome in maturation phase
(Fig. 6, I–V). To further evaluate these defects, we measured
the expression of key proteins in acrosome biogenesis,
including heat shock protein 90 beta family member 1
(HSP90B1), Golgi associated PDZ and coiled-coil motif con-
taining (GOPC), and acrosomal vesicle protein 1 (ACRV1)
(Fig. 6, W–X). HSP90B1, an endoplasmic reticulum protein
required for vesicle formation (27), was similar between the
KO and HET. GOPC, which is required for vesicle fusion, was
also maintained with the same amount in the KO (28).
Remarkably, ACRV1, an acrosomal matrix protein arising
during acrosome biogenesis, was significantly decreased in
testis from the KO mice (29). Together, these results strongly
support that IDH3B is essential for acrosome biogenesis.
Idh3b is required for flagellum assembly

Flagellum biogenesis is another hallmark for spermiogen-
esis. In KO testis, we found much fewer residual bodies and
flagella in the lumen of testicular tubules (Fig. 5B’). To
investigate how flagellum formation is affected, we stained
axoneme, the core structure of flagellum, with the antibody
against acetyl-α-tubulin. In testicular tubules containing late-
step spermatids, we found that the distal ends of flagella
were well oriented toward the lumen in the HET but were
misoriented and disorganized in the KO mice (Fig. 7, A–D).
The mitochondrial sheath is an important structural compo-
nent, where mitochondria align with axoneme in the flagellum.
Fluorescent staining of mitochondria using MitoTracker
showed substantially reduced signals in the KO sections,
suggesting that the mitochondrial sheath is disrupted (Fig. 7, E
and F). Fibrous sheath and outer dense fibers are crucial for
the assembly and integrity of the flagellum. To quantitatively
study the structural changes in the flagellum, we performed
Western blot with antibodies against acetyl-tubulin (axoneme
marker), A-kinase anchoring protein 4 (AKAP82) (fibrous
sheath marker), and outer dense fiber 2 (ODF2) (outer dense
fiber marker). Our results showed that all these proteins were
significantly reduced, especially AKAP82, which was almost
undetectable in the KO testis (Fig. 7, G and H). To validate
these findings, we examined the ultrastructure of flagellum
components using TEM. We found structural defects in all
three pieces in the flagellum from the KO testis (Fig. 7, I–R).
The mitochondrial sheath disappeared, and multiflagella were
formed in the midpiece (Fig. 7, I– K). In the principal piece,
there were abnormal axonemes and reduced longitudinal



Figure 5. IDH3B is essential for spermiogenesis. A and B, representative H&E images for testicular sections from mice at P50. A0 and B0 , late-stage
testicular tubule with mature spermatozoa. Spermatid (R): round spermatid, spermatid (E): elongated spermatid. C, quantification of different sperm cell
populations from the HET and KO testes. N of tubules = 20, *p < 0.05. Data are represented as mean ± SD; t test. D–M, periodic acid–Schiff stain (PAS) for
staging sperm differentiation in testes. Arrowheads pointed to the acrosome. HET, heterozygous; IDH3B, isocitrate dehydrogenase 3B.

Isocitrate dehydrogenase 3b is required for spermiogenesis
columns (Fig. 7, L–N). In the endpiece, the plasma membrane
was irregular and disorganized, which is a notable atypical
feature of defected flagellum (Fig. 7, O–Q). Together, our re-
sults suggest that IDH3B is critical for maintaining intact
flagellar structure, including axoneme, mitochondrial sheath,
fibrous sheath, and outer dense fiber.
Idh3b is specifically required for testis mitochondrial
metabolism

To test how the loss of IDh3b influences testis metabolism,
we first measured TCA cycle metabolites as done previously
with the retinas using GC/MS. Surprisingly, metabolites up-
stream of the IDH3 reaction, including citrate, isocitrate, and
aconitate, increased 10-fold�20-fold in testes from the KO,
compared with the control (Fig. 8A). However, the metabolites
downstream of the IDH3 reaction were either slightly
increased or unchanged (Fig. 8A). To ask whether this massive
accumulation of precursors was specific to the testes, we
analyzed TCA cycle intermediates from hearts where IDH3b
protein is most abundant. Similar to the retina, metabolites
upstream of the IDH3 reaction in the IDH3B KO hearts
increased only twofold to threefold (Fig. 8B). NADP-
dependent IDH1 and IDH2 can also oxidize isocitrate. There
was no significant difference in protein expression and enzyme
activities of IDH1/2 between the HET and KO testes (Fig. S5,
A–D). IDH1/2 activities increased with isocitrate and reached
the maximal activities at �2 mM. These results suggest that
J. Biol. Chem. (2022) 298(9) 102387 7



Figure 6. Acrosome biogenesis defects in Idh3b KO mice. A–J, representative images for immunofluorescent staining of acrosome and Golgi at different
stages in testicular tubular sections from mice at P50. Red, GM130; blue, DAPI (40 ,6-diamidino-2-phenylindole); and green, PNA. Arrowhead: defected
acrosome. K–V, ultrastructure analysis of acrosome biogenesis at Golgi, cap, acrosome, and maturation stages. Blue arrows, Golgi; yellow arrows: acrosome
(Ac), nucleus (Nu). W, table of proteins essential for acrosome biogenesis. ACRV1, acrosomal vesicle protein 1; GOPC, Golgi associated PDZ and coiled-coil
motif; Hsp90B1, heat shock protein 90 beta family member 1; PICK1, protein interacting with PRKCA 1. X, Western blot analysis of listed proteins in testis
from HET and KO mice at P50. HET, heterozygous.

Isocitrate dehydrogenase 3b is required for spermiogenesis
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Figure 7. Flagellum biogenesis defects in Idh3b KO mice. A–F, immunofluorescent staining of axoneme and mitochondria in late-stage differentiating
testicular tubule from mice at P50. Red, MitoTracker; blue, DAPI (40 ,6-diamidino-2-phenylindole); green, acetyl-α-tubulin. G, table of proteins as structural
components for flagellum integrity. Ac-tubulin, acetyl-α-tubulin; AKAP82, A-kinase anchor protein 82 kD; ODF2, outer dense fiber of sperm tails 2.
H, Western blot analysis of listed proteins in testis from HET and KO mice at P50. β-Actin is adapted from Figure 6 and reused as internal standard. I–Q,
ultrastructure analysis of different pieces of flagellum from mice at P50. Arrowheads pointed toward the longitudinal column. R, a schematic of flagellum
structures. HET, heterozygous.

Isocitrate dehydrogenase 3b is required for spermiogenesis
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Figure 8. Loss of Idh3b dramatically disrupted cellular metabolism in testis but not the heart. A, fold change of TCA cycle metabolites in testis from KO
mice at P50. N ≥ 6, *p < 0.05. B, fold change of TCA cycle metabolites in the heart from KO mice at P50. N ≥ 8, *p < 0.05. C, multivariant analysis of
metabolomic study for testis by LC/MS. N = 6. D, volcano plot of metabolites from the testes by LC/MS. N ≥ 6, fold change ≥1.5, p < 0.05. E, heatmap for top
15 changed metabolites. N = 6, fold change ≥1.5, p < 0.05. F, multivariant analysis of metabolites from the heart. N ≥ 8. G, volcano plot of metabolites from
the heart by LC/MS. N ≥ 8, fold change ≥1.5, p < 0.05. Data are all represented as mean ± SD; t test. TCA, TCA, tricarboxylic acid.

Isocitrate dehydrogenase 3b is required for spermiogenesis
the massive accumulation of substrates probably exceeds the
maximal rates of IDH1/2 for full compensation. To examine
the impact of Idh3b-KO on the metabolome, we performed
targeted metabolomics covering 206 metabolites in major
metabolic pathways in glucose, amino acid, and nucleotide
metabolism (Table S3). Multivariant analysis showed that the
score plots of metabolites from the KO were well separated
10 J. Biol. Chem. (2022) 298(9) 102387
from the HET, demonstrating that the loss of Idh3b signifi-
cantly alters testis metabolome (Fig. 8C). Citrate and isocitrate
were not in the targeted metabolomics, but we found that
citraconic acid (formed by the heating of citrate) and aconitate
were substantially increased in the KO samples, consistent
with the GC/MS results. Notably, multiple acylcarnitines,
acetylated amino acids, the ketone body 3-hydroxybutyrate,
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and phosphocreatine were increased in the KO testes, sug-
gesting there is an energetic deficit (Fig. 8, D and E). Consis-
tent with these results, ATP, NADH, and UDP were
significantly decreased in testes from the KO mice (Fig. 8, D
and E). However, the heart metabolome between the HET and
KO was mostly overlapping, and high-energy metabolites, such
as ATP, NADH, and phosphocreatine, were normal in the KO
hearts (Fig. 8, F and G). Most acylcarnitines were normal or
decreased rather than accumulated in the KO hearts. These
results suggest that IDH3b is specifically required in testis for
mitochondrial metabolism.
Discussion

In this study, we have found that IDH3B is essential for
IDH3 activity in the retina, heart, brain, and testis. As a TCA
cycle enzyme, IDH3 is important for maintaining the levels of
citrate, isocitrate, and aconitate, especially in the testis. IDH3B
is dispensable for visual function and photoreceptor survival.
However, it is critical for testis metabolism and sperm devel-
opment. The testis specifically requires IDH3B to maintain its
mitochondrial bioenergetics and acrosome and flagella
biogenesis during spermiogenesis.

The full activity of IDH3 requires the assembly and coop-
eration of αβ and αγ heterodimers. In vitro biochemical
reconstitution of subunits shows that α, β, or γ subunit alone is
nearly inactive, but αγ heterodimer exhibits activity that is
weaker than the fully assembled enzyme (13). IDH3B plays a
critical structural role in assembling the holoenzyme in the
forms of heterotetramer or heterooctamer (14, 30). We found
that IDH3B ablation almost completely abolishes IDH3 ac-
tivity in different tissues (Fig. 1D), indicating that the β subunit
is important for the assembly or stability of αγ heterodimer
in vivo. These results are consistent with the finding in the
larval salivary gland cells in D. melanogaster that the pre-
sumable Idh3b null allele blocks mitochondrial metabolism
(24). However, it is still unclear why the loss of Idh3b alters the
protein expression of other subunits in the testis but not the
retina. It is possible that IDH3 subunits in the testis have their
specific interactions and/or post-translational regulation that
govern their protein stability, which has been discovered for
protein subunits in other systems (31, 32).

All the Idh3-KO tissues that we measured showed an
accumulation of precursors (citrate, isocitrate, and aconitate),
particularly in the testis, but the level of the products (αKG
and succinate) was unchanged or slightly increased. Under
normal conditions, citrate from glucose, lipids, or amino acids
is rapidly utilized through (1) TCA cycle by aconitase and
IDH3, (2) IDH1 and IDH2, and (3) ATP citrate lyase to be
cleaved into acetyl-CoA as acetyl group donor and oxaloace-
tate as a substrate for aspartate and malate. In addition to
IDHs, αKG can also be produced from glutamate through
multiple transaminases and glutamate dehydrogenase (33). It
remains to be understood how these pathways compensate to
maintain the levels of the products of the IDH3 reaction. The
compensation among IDH isoforms is different in different
tissues and cells (34–37). For example, IDH2 is capable of
compensating mutated IDH1 in tumor cells under hypoxic
conditions. However, IDH2 deficiency in mice is sufficient to
cause mitochondrial dysfunction and cardiac hypertrophy (36,
37). Besides, IDH2 and IDH3 can compensate for each other in
pancreatic beta cells to maintain insulin secretion, while in
inner ears, IDH3 cannot compensate for the loss of IDH2,
resulting in accelerated age-related hearing loss in male mice
(34, 35). In testes from Idh3-KO mice, we observed an increase
of aspartate, acylcarnitines, and acetylated amino acids, further
suggesting the compensation of these pathways. Still, these
compensations cannot maintain the levels of NADH, ATP, and
other high-energy metabolites. Noteworthy, data from single-
cell RNA-Seq databases for testis showed that the expression
of IDH1 and IDH2 is much less abundant than IDH3A,
IDH3B, and IDH3G in late spermatids (38, 39). Based on these
findings, we speculate that IDH3 may be the primary dehy-
drogenase for mitochondrial NADH production in the testis.

IDH3 mutations have been correlated with inherited retinal
degeneration (4, 15–17). Patients with IDH3A mutations
showed an early onset (1–11 years old) of retinal degeneration,
and patients with IDH3B mutation showed a late onset (30–
50 years old) of retinal degeneration (4, 15–17). The loss of
Idh3a in mice is embryonically lethal, and the mouse Idh3a
E229K mutation leads to an early and rapid retinal degenera-
tion (23). However, the loss of Idh3b in mice through an 8-bp
deletion in exon 5 shows no retinal degeneration at P180 (23).
This report is consistent with our findings that Idh3b-KO mice
have normal vision up to P250, which is equivalent to 30 to
40 years of age in humans. It is possible that human IDH3B
mutants may have an unknown malfunction such as gain of
function and nonmetabolic function to cause retinal degen-
eration, which has been identified in mutations of other en-
zymes. For example, the mutations of inosine monophosphate
dehydrogenase 1 (IMPDH1), a key enzyme in de novo nucle-
otide synthesis, cause severe retinal degeneration in patients,
but 1-year-old Impdh1 KO mice maintain normal retinal
structure (40). The Impdh1 mutants are proposed to reduce
binding to nucleotide and association with polyribosomes (32).
Another example is IDH2. Its mutations can gain a new
function to generate 2-hydroxyglutarate, an oncometabolite in
tumorigenesis (41). Interestingly, IDH3A has been reported to
localize in the nucleus and interact with transcriptional factors
to promote tumor growth (19). It is unknown whether IDH3B
or its disease mutants moonlight similar other activities.
Future study of the function of the mutant IDH3B proteins is
warranted to elucidate the conundrum of retinal phenotypes in
humans.

Why is IDH3B or IDH3 crucial for sperm development?
There is a shift reliance of metabolism from glycolysis to TCA
cycle during sperm development (42). The aerobic oxidation of
lactate, glucose, pyruvate, and fatty acids through the TCA
cycle is required to meet the high energetic demands in the
maturation of spermatids (43–45). The TCA cycle enzymes are
generally regarded as ubiquitous in nucleated cells for their
housekeeping functions. However, the deficiencies of these
enzymes, including fumarase, succinate dehydrogenase, and
αKG dehydrogenase, show tissue-specific impairment (46–48).
J. Biol. Chem. (2022) 298(9) 102387 11
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Our findings demonstrate that IDH3B is specifically required
for IDH3 activity, mitochondrial metabolism, and spermio-
genesis. IDH3B proteins are underexpressed in low motile
spermatozoa or spermatozoa from infertile men with varico-
cele (21). IDH inhibitor can block sperm capacitation and
inhibit acrosome reaction in boar spermatozoa (49). Intrigu-
ingly, Gossypol, a natural antifertility agent for males, causes
specific mitochondrial damage in the tails of spermatozoa
(50, 51), which has a similar phenotype to the Idh3b-KO mice.
The block of IDH3 may be attributed to its induction of male
infertility, as gossypol has been a known inhibitor of NAD-
linked dehydrogenase including IDH3 (52). The environ-
mental contaminant tributyltin, known to impair sperm
maturation in the vertebrate (53, 54), is also a sensitive in-
hibitor of IDH3 (55).

The IDH3 reaction controls the levels of key metabolites
(citrate, NADH, and ATP), which are essential for biosyn-
thesis, cell signaling, and bioenergetics during sperm devel-
opment (56–58). Besides the TCA cycle, citrate is an
important source of acetyl-CoA, a substrate for de novo lipid
synthesis and protein acetylation. During sperm differentia-
tion, different compositions of lipid species are required to
generate lipid-rich organelles like acrosome and flagellum (59).
Compared with immature spermatids, mature sperms have
high amounts of polyunsaturated fatty acids (PUFAs) (59). The
disruption of key enzymes in PUFA synthesis such as acyl-CoA
synthetase 6 and delta-6 desaturase can arrest spermiogenesis,
resulting in male infertility (60–63) with similar phenotypes to
the Idh3b-KO mice. In addition, NADH is a required cofactor
for key desaturases including delta-6 desaturases in PUFA
metabolism (64). Also, the acetylation of histone tightly reg-
ulates sperm development, especially during the late-stage
differentiation (65–68). During spermiogenesis, matured
spermatozoa acquire a highly condensed genome by replacing
95% of histone into protamine, a small protein facilitating
chromatin condensation. The disruption of histone acetylation
impairs histone replacement and causes defects in sperm
development (65, 69). It will be interesting to investigate how
IDH3B regulates these biosynthesis pathways and acetylation
status in future studies.

In conclusion, our studies show a tissue-specific require-
ment of IDH3B on modulating mitochondrial metabolism and
tissue functions. IDH3B is required for testis metabolism and
proper sperm development.
Limitations of the study

Because of limited resource, full characterizations of other
tissues such as heart and brain are not available in this study.
Mitochondrial structure is critical to support metabolism, and
it will be interesting to investigate whether and how IDH3B
deletion influences mitochondrial structure and dynamics in
testes and other tissues. Citrate is a precursor and key regu-
lator in de novo lipogenesis. The influence of IDH3 KO on de
novo lipogenesis in the testes remains to be addressed. Finally,
each tissue has different preferences in substrate utilization.
Future studies with tracing of major substrates in vivo and
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ex vivo using our animal model should provide insights on the
importance of IDH3 in substrate utilization in different
tissues.

Experimental procedures

All the chemicals and reagents are detailed in the Key
Resource Table (Table S2).

Animals

Idh3b HET male mice were purchased from the Jackson
Laboratory (stock number: 042302-JAX) and crossed with
WT female mice (C57BL/6J) to transmit the Idh3b-deficient
allele to their offspring. The HET males were bred with
Idh3b homozygous KO females to generate Idh3b-KO mice
and HET littermate controls for experiments. Mouse geno-
typing was accomplished by Transnetyx, Inc using provided
primers (see details in Table S1). Both sexes were used in
visual studies but only males for sperm studies. The mouse
experiments were performed in accordance with the National
Institutes of Health guidelines and the protocol approved by
the Institutional Animal Care and Use Committee of West
Virginia University.

Western blot

The tissues were lysed in radioimmunoprecipitation assay
buffer supplemented with protease and phosphatase inhibitors
at 5 mg/ml concentration. The supernatant containing pro-
teins was collected after centrifuging tissue lysates at
12,000 rpm in 4 �C. Protein concentration was determined by
the bicinchoninic acid protein assay kit, and 20 μg protein
samples were boiled and loaded onto SDS-PAGE gels. The gels
were transferred to 0.22 μm nitrocellulose membranes and
blocked with 5% nonfat milk in 1× Tris-buffered saline con-
taining 0.1% Tween-20. The membranes were incubated with
primary antibodies (see details in Table S2) at 4 �C overnight.
After three washes (15, 5, and 5 min) with 1× PBS containing
0.1% Tween-20, the membranes were incubated with a rabbit
or mouse secondary antibody conjugated with horseradish
peroxidase (1:2000 dilution) or Alexa Fluor 680 (1:10,000
dilution) for 1 h, followed by three washes (15, 5, and 5 min)
with PBS with Tween-20. A chemiluminescence reagent kit
was used to visualize protein bands with horseradish peroxi-
dase secondary antibodies. Western blot using Alexa Fluor
secondary antibody were performed as previously reported
(70).

Enzyme activity measurement

Samples were harvested from mice at P50 and homogenized
in 50 mM Hepes/KOH buffer (pH 7.4) containing 1% Triton,
1 mM EDTA, 10% glycerol, and 5 mg/ml protease and phos-
phatase inhibitors. After centrifuged at 12,000 rpm at 4 �C, the
supernatants were assayed for protein concentrations, and 50
μg proteins were loaded for enzymatic activity assays. IDH3
activity was determined by incubating the protein extracts in
the assay buffer containing 2 mM Mn2+, 2 mM NAD, and
10 mM isocitrate at 37 �C in a plate reader and monitoring the
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production of NADH continuously for 4 h at 340 nm wave-
length. IDH1 and IDH2 activities were determined by moni-
toring the production of NADPH at 340 nm wavelength for 4 h
after incubation with assay buffer containing 1 mM Mg2+,
1 mM NADP, and different concentrations of isocitrate (0, 1, 2,
3, 4, and 10 mM) at 37 �C. No enzyme controls were used as
blank controls for each sample. Standard curves of NADH and
NADPH were measured simultaneously for calculating the
concentration of NADH and NADPH.
OCT

OCT was conducted as previously described (70). Mice were
anesthetized with 1.5% isoflurane in a chamber and then
received constant isoflurane during OCT via a nose cone. Both
pupils were diluted before OCT measurement by applying one
drop of 1:1 mixture of 2.5% phenylephrine hydrochloride and
1% tropicamide. To avoid cataract, each eye was applied a drop
of GenTeal lubricant eye gel (Alcon) right after the dilation,
and the body temperature of mice was maintained by a heating
platform. Cross-sectional images of the retina were taken using
the Bioptigen R-series spectral domain ophthalmic imaging
system (Bioptigen, Inc), and the thickness of each layer was
analyzed as previously described (70, 71).
ERG

Mice were dark-adapted overnight before recording ERG
using Celeris D430 rodent ERG testing system (Diagnosys).
Under dim red-light illumination, mice were anesthetized, and
eyes were dilated as previously described (70). Scotopic re-
cordings were elicited using light flashes at increasing in-
tensities (0.004, 0.01, 0.063, 0.16, 0.36, 0.8, 1.26, 4, and 10 cd
s/m2). The photopic response was elicited with increasing flash
intensities (1.26, 4, 10, and 20 cd s/m2) after a short light
adaptation with continuous background light.
H&E staining and analysis

The preparation and staining for eye, testis, and cauda
epididymis were performed as reported before (70). The tis-
sues were fixed, paraffin sectioned, and stained with H&E. The
slides were imaged under a Nikon C2 confocal microscope,
and the thickness of outer segment and inner segment in the
retina was measured by ImageJ (National Institutes of Health)
at six different positions of the retina as described before (70).
For testis, 20 seminiferous tubules at four quadrants of testes
sections were randomly selected and quantified for the num-
ber of sperm cells at different developmental stages.
Periodic acid-Schiff staining and analysis

Similar to H&E staining, testes were embedded in paraffin
and sectioned at 4 to 6 microns. The sections were stained
with 1% periodic acid, McManus Schiff stain reagent, and Gill
III hematoxylin. The stained sections were imaged by a
confocal microscope and staged for sperm differentiation
based on acrosomal morphology.
Sperm cell video recording and counting

For sperm cell video, we dissected cauda epididymis in 1 ml
α minimum essential medium and recorded the sperm
movement using EVOS FL Auto 2 Cell Imaging System. To
count the number of sperm cells, we sacrificed the mice and
dissected the cauda epididymis in 1 ml PBS and spun the mix
at 1500 rpm for 3 min. The aggregates were fixed in 4%
paraformaldehyde, resuspended in PBS, and counted using a
hemocytometer.

Immunofluorescence

Testes were immediately fixed in 4% paraformaldehyde for
24 h at 4 �C and rinsed by PBS, dehydrated by 20% sucrose,
and then cryopreserved in optimal cutting temperature com-
pound to section at 10 μm for immunostaining. Sections were
washed with PBS containing 1% Triton X-100 for three times
and incubated in blocking buffer (10% goat serum with 0.5%
Triton) at room temperature for an hour before staining with
antibodies or dyes. Primary antibody control and negative
controls with secondary antibody–only staining were applied
for all immunofluorescent studies (Figs. S6 and S7). Fluores-
cent sections were imaged by a Nikon C2 confocal microscope
system.

TEM

Testes were cut into half and fixed in 4% glutaraldehyde
(Electron Microscopy Sciences) for 30 min, then sliced into
�1 mm3 pieces, and continued to be fixed in the same buffer
overnight at 4 �C. The prefixed testes were washed 5× 5 min in
0.1 M cacodylate buffer and postfixed in osmium ferrocyanide
for 1 h on ice. Next, the testes were incubated in a 1% thio-
carbohydrazide solution for 20 min following by 2% osmium
tetroxide for 30 min at room temperature. The tissues were en
bloc stained in 1% uranyl acetate, (aqueous), overnight in the
refrigerator and en bloc stained in Walton’s lead aspartate for
30 min at 60 �C, the second day. Then, the testes were
dehydrated in ice-cold 30, 50, 70, and 95% ethanol alcohol and
infiltrated in a 1:1 mixture of propylene oxide:Durcupan resin,
for 2 h and then overnight infiltration in fresh Durcupan. The
next day, the testes were placed in fresh Durcupan for 2 h,
positioned in flat embedding molds, and polymerized in a
60 �C oven for 2 days. About 80 nm sections were cut on
a Leica EM UC7 ultramicrotome, and sections were viewed on
a JEOL 1230 TEM at 80 KV.

Steady-state metabolomics and 13C-labeled metabolite
analysis by GC/MS

Steady-state metabolomics and 13C-labeled metabolite
analysis for retina were performed as described in detail
before (70). The metabolites were extracted in 80% cold
methanol (v/v), dried, and derivatized by methoxymine hy-
drochloride followed by N-(tert-butyldimethylsilyl)-N-meth-
yltrifluoroacetamide. An Agilent 7890B/5977B GC/MS was
used for GC separation and analysis of metabolites. The data
were analyzed by Agilent MassHunter Quantitative Analysis
Software, and natural abundance was corrected by ISOCOR
J. Biol. Chem. (2022) 298(9) 102387 13
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software (freely available online: https://isocor.readthedocs.io/
en/latest/).
Targeted metabolomics by LC MS/MS

Targeted metabolomics by LC MS/MS was performed as
reported before (70). Briefly, metabolites from testes were
extracted in 80% cold methanol and analyzed by a Shimadzu
LC Nexera X2 UHPLC coupled with a QTRAP 5500 LC MS/
MS (AB Sciex) in multiple reaction monitoring mode. Each
metabolite was tuned with standards for optimal transitions
(see details in Table S3). The extracted multiple reaction
monitoring peaks were integrated using MultiQuant 3.0.2
software (AB Sciex).
Statistics

The significance of differences between means was deter-
mined by unpaired two-tailed t tests using GraphPad Prism
9.0 (GraphPad Software, Inc). Only p < 0.05 was considered
to be significant. All data are presented as the mean ± SD.
Multivariate analysis of metabolomics data was performed
with a supervised classification model partial least-squares
discriminant analysis after Pareto scaling using Metab-
oAnalyst 5.0, an online free software from Xia Lab at the
McGill University (https://www.metaboanalyst.ca/). Volcano
plot (p < 0.05 and fold change >1.5) was performed to
analyze the changes of specific metabolites using Metab-
oAnalyst 5.0.
Data availability

GC/MS and LC/MS data generated in this study were
provided in the supporting information. Source data are pro-
vided with this article.
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information.
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