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Abstract
Ammonia is a toxic by-product of protein catabolism and is involved in changes in glutamate metabolism. Therefore, ammonia
metabolism genes may link a range of diseases involving glutamate signaling such as Alzheimer’s disease (AD), major depres-
sive disorder (MDD), and type 2 diabetes (T2D). We analyzed data from a National Institute on Aging study with a family-based
design to determine if 45 single nucleotide polymorphisms (SNPs) in glutaminase (GLS), carbamoyl phosphate synthetase 1
(CPS1), or glutamate-ammonia ligase (GLUL) genes were associated with AD, MDD, or T2D using PLINK software.
HAPLOVIEW software was used to calculate linkage disequilibrium measures for the SNPs. Next, we analyzed the associated
variations for potential effects on transcriptional control sites to identify possible functional effects of the SNPs. Of the SNPs that
passed the quality control tests, four SNPs in the GLS gene were significantly associated with AD, two SNPs in the GLS gene
were associated with T2D, and one SNP in the GLUL gene and three SNPs in the CPS1 gene were associated with MDD before
Bonferroni correction. The in silico bioinformatic analysis suggested probable functional roles for six associated SNPs.
Glutamate signaling pathways have been implicated in all these diseases, and other studies have detected similar brain pathol-
ogies such as cortical thinning in AD, MDD, and T2D. Taken together, these data potentially linkGLS with AD, GLSwith T2D,
and CPS1 andGLULwithMDD and stimulate the generation of testable hypotheses that may help explain the molecular basis of
pathologies shared by these disorders.
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Introduction

Excess dietary protein is catabolized to release ammonia.
Because of the relative toxicity of ammonia (Auron and
Brophy 2012), it is removed from the body by the urea cycle
and excreted as the relatively non-toxic compound urea. The
urea cycle is thought to occur almost exclusively in the liver
(Dimski 1994). However, certain types of ammonia metabo-
lism such as glutamate cycling can occur in other tissues.
Among the enzymes involved in ammonia metabolism are

glutaminase (GLS, EC 3.5.1.2), carbamoyl phosphate synthe-
tase 1 (CPS1, EC 6.3.4.16), and glutamate-ammonia ligase
(GLUL, EC 6.3.1.2), also known as glutamine synthetase.
CPS1 is the first committed step of the urea cycle.
Individuals who lack a functional CPS1 gene have severe
hyperammonemia resulting in cognitive impairment (Klaus
et al. 2009). The majority of cells in the body (such as those
in the brain) that lack a functional urea cycle rely on GLUL to
locally remove ammonia by ligating it to glutamate to form
glutamine (Cooper and Jeitner 2016). Glutaminase catalyzes
the reverse process, releasing ammonia from glutamine to
form glutamate. The human genome contains two glutamin-
ase genes. Data from the Human Protein Atlas (www.
proteinatlas.org) suggest that GLS is expressed primarily in
the brain and kidney (http://www.proteinatlas.org/
ENSG00000115419-GLS/tissue) (Uhlén et al. 2015).
Because glutamate is an important neurotransmitter and sig-
naling molecule, both GLUL and GLS are necessary for prop-
er neural functioning (Cooper and Jeitner 2016).
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Because (1) glutamine and glutamate are abundant and
ubiquitous amino acids involved in ammonia metabolism,
(2) ammonia is a by-product of protein catabolism, and (3)
glutamate is an important signaling molecule, we hypothe-
sized that the CPS1, GLUL, and GLS ammonia metabolism
genes could influence various disease processes across a range
of tissues. Evidence for a link between ammonia metabolism
genes and type 2 diabetes (T2D) includes studies that have
found changes in GLS activity in a rat model of diabetes
(Ardawi 1987). In addition, a SNP in theGLUL gene has been
associated with all-cause mortality in individuals with T2D
(Prudente et al. 2015), and a separate study has found a
transcriptomic link between T2D and GLUL (Mirza et al.
2014). Ammonia and glutamate metabolism changes have
also been linked to mood disorders such as major depression.
For example, glutamate signaling pathways have been shown
to be altered in major depressive disorder (MDD) (Bernard
et al. 2011). Furthermore, GLUL expression has been shown
to be changed in individuals with MDD (Choudary et al.
2005; Miguel-Hidalgo et al. 2010; Bernard et al. 2011).
However, one study reports no change in GLUL activity in
astrocytes from the brains of individuals with MDD
(Chandley et al. 2013). Further evidence supporting this con-
nection is that researchers were able to induce behaviors con-
sistent with depression in mice by inhibiting enzymes in-
volved in ammonia and glutamate metabolism (Lee et al.
2013).

The potential link between ammonia metabolism and
Alzheimer’s disease (AD) is particularly well-supported. The
amyloid cascade hypothesis is the dominant hypothesis for the
pathogenesis of AD (Hardy and Higgins 1992). However,
increasing evidence suggests that increased amyloid-beta
levels are only one facet of this complex disease (Herrup
2015). The ammonia hypothesis for the etiology of AD was
first proposed in 1993 (Seiler 1993), but it has not yet been
thoroughly investigated. The ammonia hypothesis suggests
that ammonia toxicity plays a causal role in AD. This is sup-
ported by several observations reviewed by Seiler (2002).
Briefly, individuals with AD have been found to have in-
creased blood ammonia (Fisman et al. 1985) and cerebrospi-
nal fluid ammonia levels. The negative effects of ammonia on
cognitive functioning are well documented (Raabe 1987), and
studies have suggested that there are high ammonia concen-
trations in AD brain (Hoyer et al. 1990). AD patients have also
been shown to have increased plasma glutamate compared to
controls (Miulli et al. 1993). Further studies suggest that
changes in the expression of ammonia metabolism genes
may be involved in AD. Researchers have found changes in
GLUL expression in AD patients (Robinson 2000) as well as
in mouse models of AD (Kulijewicz-Nawrot et al. 2013).
Changes in GLS expression in AD brains have been found
as well (Akiyama et al. 1989; McGeer et al. 1989; Burbaeva
et al. 2014). The aforementioned studies suggest an

association between GLUL, GLS, and CPS1 genes and disor-
ders such as AD, T2D, and MDD.While all three of the genes
of interest have not been explicitly implicated in all three
diseases, there is sufficient evidence for the involvement of
ammonia metabolism genes in the pathologies of these dis-
eases to warrant further investigation.

All three of these diseases have genetic heritability; AD is
estimated to have a heritability of 0.74 (Gatz et al. 1997),
MDD of 0.37 (Sullivan et al. 2000), and T2D of 0.47–0.77
(Willemsen et al. 2015). There is also ample epidemiological
evidence of associations among MDD, T2D, and AD. T2D has
been found in several studies to be linked to the incidence of AD
(Ott et al. 1999; Luchsinger et al. 2005; Gudala et al. 2013; Li
et al. 2015). Two separate analyses of a GWAS data set found
SNPs that were associated with both T2D and AD (Hao et al.
2015; Gao et al. 2016), suggesting the possibility of a shared
genetic etiology. However, none of the hits from these studies
were the genes we tested. There is also epidemiological evidence
of an association between AD and MDD. Individuals with a
history of depression were shown to have an increased risk for
AD (Geerlings et al. 2008). Finally, T2D has been shown by
several studies to nearly double the risk of developing MDD
(Anderson et al. 2001; Ali et al. 2006). However, not every study
supports a genetic association among these diseases. A study of
32 genetic variants identified in GWA studies of individuals with
T2D found no association with AD (Chung et al. 2015). Another
study also found no association between SNPs associated with
T2D and risk of AD (Proitsi et al. 2014). A third study found no
common genetic variants between individuals with AD and
MDD (Gibson et al. 2017). Studies that continue to investigate
the genetic component of these diseases could help untangle
knowledge of genetic associations and elucidate targets for novel
treatment strategies.

To investigate the potential association between these se-
lect ammonia metabolism genes and AD, MDD, and T2D, we
used data from a family-based study of AD patients. The var-
iations significantly associated with one or more of these dis-
eases were interpreted considering previously published ex-
perimental results and bioinformatic analysis of possible ef-
fects of variants on gene expression. This study generates
several hypotheses useful for guiding future work into mech-
anisms of pathogenesis of AD, MDD, and T2D and investi-
gations into how these mechanisms may interact and overlap.

Materials and Methods

NIA-LOAD Family Study Subjects

Data for this study came from the National Institute on
Aging—Late Onset Alzheimer’s Disease Family Study:
Genome-Wide Association Study for Susceptibility Loci—
Study Accession: phs000168.v1.p. There were 3007
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individuals selected consisting of 1266 AD, 247 T2D, and
1688 MDD individuals, and 1279 non-AD individuals from
1386 pedigrees (589 nuclear families). Details on these sub-
jects have been previously published (Lee et al. 2008).
Population stratification does not apply to a family-based
study design. The number of individuals in this dataset with
each type of disease and combinations of co-occurrences are
shown in Table 1.

Analytic Procedures

A total of 45 SNPs in GLUL (4 SNPs), GLS (8 SNPs), and
CPS1 (33 SNPs) were available in the dataset for association
testing. A family-based association analysis for risk of AD,
T2D, and MDD was performed using the PLINK DFAM pro-
cedure. Empirical p values for single-marker analyses were
calculated by 100,000 permutation tests using the Max (T)
permutation procedure implemented in PLINK v1.07 soft-
ware (http://zzz.bwh.harvard.edu/plink/index.shtml) (Purcell
et al. 2007). Haplotype analysis was conducted in 2-SNP slid-
ing windows using PLINK software to obtain p values, chi-
square values, and haplotype frequencies for affected and un-
affected individuals. HAPOVIEW v4.2 software (https://
www.broadinstitute.org/haploview/haploview) (Barrett et al.
2005) was used to determine minor allele frequencies
(MAFs) and to test for Hardy-Weinberg equilibrium (HWE)
using all founders in the family-based dataset. The quality
control cutoff values for HWE and MAF are < 0.001 and <
0.05, respectively. The linkage disequilibrium (LD) structure
was constructed and r2 and D′ values were determined using
HAPLOVIEW. To correct for multiple testing, the Bonferroni
correction (α = 0.05/45 = 0.00111) was used.

Bioinformatic Analysis

Because the significantly associated SNPs were all intronic,
the 11 SNPs associated with AD, MDD, or T2D were input
into the Human Splice Finder v3.0 program (http://www.umd.
be/HSF3/) (Desmet et al. 2009) to determine if any of the
SNPs may affect silencing and enhancing regions of the
genes. The sequence immediately surrounding the SNP was
obtained from the NCBI dbSNP database (https://www.ncbi.
nlm.nih.gov/snp). PERFECTOS-APE was used to predict
transcription factor (TF) binding sites affected by the SNPs,
and the hits were compared with the results of database

searches for TF that have been experimentally determined to
be associated with the genes studied. We searched the TF
databases Human Transcriptional Regulation Interaction
Database (http://www.lbbc.ibb.unesp.br/htri/) (Bovolenta
et al. 2012) and RegNetwork (http://www.regnetworkweb.
org/) (Liu et al. 2015) for TFs that have been experimentally
determined to interact with the genes of interest.

Results

Single-Marker Analysis

PLINK single-marker analysis revealed several SNPs associ-
ated with AD,MDD, or T2Dwith an empirical p value < 0.05.

Alzheimer’s Disease

There were four SNPs significantly associated with AD before
the Bonferroni correction (rs6758866, p = 0.00350;
rs2355570, p = 0.03675; rs1921907, p = 0.00334; and
rs883844, p = 0.00163). All four of these SNPs are located
in the GLS gene on chromosome 2, and all have a HWE
p > 0.001 and a MAF of p > 0.05, therefore, they passed the
quality control test. These results are shown in Table 2.

Major Depressive Disorder

Five SNPs were significantly associated with MDD be-
fore the Bonferroni correction. Four of these SNPs
(rs6749597, p = 0.02776; rs9789405, p = 0.01283;
rs2287602, p = 0.01692; and rs2302909, p = 0.02103) are
located in the CPS1 gene on chromosome 2, while one
SNP (rs12735664, p = 0.03640) is located in the GLUL
gene. While each of these has a MAF > 0.05, rs2302909
failed to pass the test for HWE (p = 2.0E−4). These results
are shown in Table 3.

Type 2 Diabetes

As shown in Table 4, three SNPs were significantly associated
with T2D before the Bonferroni correction, two in the GLS
gene (rs1921915, p = 0.01794; and rs1517354, p = 0.00072)
and one in the CPS1 gene (rs2302909, p = 0.00647). All of

Table 1 Number of individuals
with co-occurrence of AD, MDD,
and T2D in the dataseta

AD
only

MDD
only

T2D
only

AD and MDD
only

AD and T2D
only

MDD and T2D
only

AD, MDD, and
T2D

166 877 16 372 32 93 46

a Individuals with an unknown disease state for either AD, MDD, or T2D were not included in this count

J Mol Neurosci (2018) 64:385–396 387

http://zzz.bwh.harvard.edu/plink/index.shtml
https://www.broadinstitute.org/haploview/haploview
https://www.broadinstitute.org/haploview/haploview
http://www.umd.be/HSF3
http://www.umd.be/HSF3
https://www.ncbi.nlm.nih.gov/snp
https://www.ncbi.nlm.nih.gov/snp
http://www.lbbc.ibb.unesp.br/htri
http://www.regnetworkweb.org
http://www.regnetworkweb.org


these SNPs have a MAF of > 0.05, but rs2302909 failed to
pass the test for HWE (p = 2.0E−4).

Two-SNP Haplotype Analysis

PLINK two-SNP haplotype analysis revealed several haplo-
types associated with AD (one haplotype), MDD (11 haplo-
types), and T2D (15 haplotypes). The haplotypes with
p < 0.05 are listed in Table 5 (AD), Table 6 (MDD), and
Table 7 (T2D).

LD Structure

The LD structures for these genes are in shown in Fig. 1. The
GLS and CPS1 genes are located on chromosome 2 (2q32.2
and 2q34, respectively), while the GLUL gene is located on
chromosome 1 (1q25.3). SNP pairs with an r2 value > 0.5 and
a D′ value greater than 0.8 are listed in Table 8.

Bioinformatic Analysis

All of the SNPs tested are intronic. Of the 11 SNPs with a
significant association with AD, MDD, or T2D, bioinformatic
analysis suggested functions for seven. Of these, only six SNPs
are in HWE; the other SNP, rs2302909, will not be considered
further. Three SNPs (rs6758866, rs2355570, and rs1517354)

were predicted to create enhancer sites, and one SNP decreased
the likelihood of the sequence binding to TFs that have been
experimentally determined to interact with the gene sequences
of interest (rs1921907). Another two SNPs (rs9789405 and
rs2287602) both created an enhancer site and decreased the
likelihood of binding with a TF. The details of these results
are presented in Table 9.

Discussion

Alzheimer’s Disease

Because of the potential effect of ammonia levels on the onset
and progression of AD described above (Seiler 1993), we
hypothesized that SNPs in the ammonia metabolism genes
GLUL, CPS1, and GLS may be associated with AD.
However, single-marker analyses only found SNP markers
statistically associated with AD in the GLS gene (Table 3) in
this current study. Bioinformatic analysis using the Human
Splice Finder software and the PERFECTOS-APE program
suggested that three of these intronic SNPs may have a direct
functional role in GLS regulation (Table 9). The minor alleles
of SNPs rs6758866 and rs2355570 are predicted to create
enhancer sites. Each of these variations may increase the ex-
pression of GLS. The minor allele of SNP rs1921907 is

Table 2 SNPs associated with
risk of AD SNP Position Allelea Gene EMP1b MAFc HWEd

rs6758866 191,464,646 A GLS 0.00350 0.440 0.1046

rs2355570 191,489,414 C GLS 0.03675 0.258 0.3147

rs1921907 191,493,020 A GLS 0.00334 0.437 0.1691

rs883844 191,534,014 T GLS 0.00163 0.381 0.3054

aMinor allele
b Empirical p value generated by 100,000 permutation tests using Max (T) permutation procedure in PLINK
cMinor allele frequency in founders
d Hardy-Weinberg equilibrium p value

Table 3 SNPs associated with
risk of MDD SNP Position Allelea Gene EMP1b MAFc HWEd

rs12735664 180,622,702 C GLUL 0.03640 0.103 0.9515

rs6749597 211,128,370 T CPS1 0.02776 0.138 0.4310

rs9789405 211,131,628 T CPS1 0.01283 0.146 0.7266

rs2287602 211,135,486 C CPS1 0.01692 0.150 0.0344

rs2302909 211,211,801 A CPS1 0.02103 0.103 2.0E−4

aMinor allele
b Empirical p value generated by 100,000 permutation tests using Max (T) permutation procedure in PLINK
cMinor allele frequency in founders
d Hardy-Weinberg equilibrium p value
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predicted by the PERFECTOS-APE software to decrease the
likelihood of binding to the TF ETS1. ETS1 has been shown
to be expressed in brain (http://www.proteinatlas.org/
ENSG00000134954-ETS1/tissue) (Uhlén et al. 2015) and to
interact with the GLS gene (Hollenhorst et al. 2009). Because
ETS1 can be either a repressor or an activator of transcription
(Dittmer 2003), it is not possible to predict the direction of
regulation. The statistical association of the SNP rs883844
with AD is likely the result of an indirect association. The
SNP may possibly act as a marker for a nearby unsequenced
variation involved in the disease process, or its association
may be due to its proximity to the other three SNPs in the
GLS gene identified in this study as being associated with
AD. Data in Table 8 reveal rs883844 is in LD with
rs2355570 (D′ = 0.995, r2 = 0.561), rs1921907 (D′ = 0.990,
r2 = 0.777), and rs6758866 (D′ = 0.987, r2 = 0.764). This
may explain the significant association with AD in the ab-
sence of a predicted function.

As mentioned earlier, GLS is the isoform of glutaminase
mostly found in the brain and kidneys (Uhlén et al. 2015). In
contrast, GLS2 is mostly localized to the liver (http://www.
proteinatlas.org/ENSG00000135423-GLS2/tissue) (Uhlén
et al. 2015). GLS breaks down glutamine to ammonia and
glutamate. Glutamate, an excitatory neurotransmitter, is im-
portant for synaptic transmission and memory formation
(Esposito et al. 2013), but increased levels can lead to
excitotoxic neuronal cell death in the brain. If the observed
variants in the GLS gene or nearby unsequenced SNPs in LD
affect glutaminase levels and enzyme activity, they would
affect the regeneration of the glutamate used to remove neu-
rotoxic ammonia. Changing these glutamate levels could im-
pact cognitive function in AD (Myhrer 1998). Several studies
agree that GLS levels in AD brain are decreased (Akiyama

et al. 1989; McGeer et al. 1989; Burbaeva et al. 2014). Two of
the three SNPs associated with AD and predicted to have a
function may create an enhancer site, but enhanced expression
ofGLS in AD is inconsistent with the published literature. It is
possible that the predicted enhancer sites created are in LD
with nearby unsequenced SNPs that are more important for
transcriptional regulation, or ETS1 usually acts as a relatively
strong activator in this system. Experimental studies of
autopsied AD patient brains have found an increase in gluta-
mate levels (Xu et al. 2016). However, another study found
decreased glutamate in the temporal cortex of AD brain (Gueli
and Taibi 2013). Both increases and decreases in brain gluta-
mate are associated with cognitive decline (Myhrer 1998). It is
possible that changes in glutamate levels in AD brain are
region-specific and occur because of disrupted glutamate
and ammonia homeostasis.

Major Depressive Disorder

Several SNPs in the CPS1 gene were linked to MDD in this
study (Table 3). CPS1 is critically important in ammonia me-
tabolism as evidenced by the devastating effects of
hyperammonemia in CPS1-deficient individuals (Suzuki
et al. 1986; Finckh et al. 1998). Therefore, the variations iden-
tified in this study could potentially have major effects on
blood ammonia levels if the variations are linked to changes
in CPS1 activity. As previously mentioned, CPS1 is mainly
found in the l iver (ht tp : / /www.prote inat las .org/
ENSG00000021826-CPS1/tissue) (Uhlén et al. 2015), and it
catalyzes the incorporation of ammonia into carbamoyl phos-
phate in the urea cycle. The clinical observations described
above suggest that changes in CPS1 activity may have an
impact on blood ammonia levels, and changes in blood

Table 4 SNPs associated with
risk of T2D SNP Position Allelea Gene EMP1b MAFc HWEd

rs1921915 191,460,572 G GLS 0.01794 0.062 0.1093

rs1517354 191,524,111 C GLS 0.00072 0.084 0.0066

rs2302909 211,211,801 A CPS1 0.00647 0.103 2.0E−4

aMinor allele
b Empirical p value generated by 100,000 permutation tests using Max (T) permutation procedure in PLINK
cMinor allele frequency in founders
d Hardy-Weinberg equilibrium p value

Table 5 Haplotype analysis of risk of AD based on PLINK in family-based study design

Haplotype Gene Affected frequency (%) Unaffected frequency (%) Chi-square p value

rs883844 rs10932334 GLS/CPS1

C T 14.34 30.55 3.894 0.0485

J Mol Neurosci (2018) 64:385–396 389

http://www.proteinatlas.org/ENSG00000134954-ETS1/tissue
http://www.proteinatlas.org/ENSG00000134954-ETS1/tissue
http://www.proteinatlas.org/ENSG00000135423-GLS2/tissue
http://www.proteinatlas.org/ENSG00000135423-GLS2/tissue
http://www.proteinatlas.org/ENSG00000021826-CPS1/tissue
http://www.proteinatlas.org/ENSG00000021826-CPS1/tissue


ammonia levels may also impact glutamate levels in the brain,
affecting cognition (Suárez et al. 2002). Several studies sug-
gest that changes in glutamate levels in several areas of the
brain could be linked to mood disorders through disruption of
the levels of glutamate and glutamine (Sanacora et al. 2012).

Bioinformatic analyses suggested that two SNPs in HWE
analyzed in this study may have a functional role in MDD
(Table 9). The minor allele of the SNP rs9789405 is predicted
by the Human Splice Finder program to create an enhancer
site. The same SNP variant is predicted by PERFECTOS-APE
to decrease the likelihood of binding by the TF E2F4. E2F4 is
mainly a transcriptional repressor (Crosby and Almasan 2004)
and has been experimentally demonstrated to interact with the
CPS1 gene (Litovchick et al. 2007). The minor allele of the
SNP rs2287602 is predicted by Human Splice Finder to create
an enhancer site and by PERFECTOS-APE to decrease the
likelihood of association with the TF FOXP3. This TF mainly
plays a role in regulatory T cell function (Vent-Schmidt et al.
2014), but it has recently been found to play a role in promot-
ing mitochondrial oxidative metabolism (Angelin et al. 2017)
and can even localize to mitochondria in hepatocytes (Rojas
et al. 2016). FOXP3 is known to either increase or decrease
gene expression depending upon the other TFs with which it
associates (Szylberg et al. 2016). The Human Protein Atlas
reports mRNA for both E2F4 (http://www.proteinatlas.org/
ENSG00000205250-E2F4/tissue) and FOXP3 (http://www.
proteinatlas.org/ENSG00000049768-FOXP3/tissue) in

human liver (Uhlén et al. 2015). Based on the predicted func-
tions of these variants, we predict that there may be altered
expression of CPS1 in the liver of some MDD subjects.
Altered CPS1 expression may change the levels of ammonia
in the blood, therefore changing the glutamate levels in the
brains of individuals withMDD. A SNP inCPS1 significantly
associated with MDD that was not assigned a function by our
bioinformatic analysis, rs6749597, is in LD with the predicted
functional SNPs (rs6749597:rs9789405, D′ = 1, r2 = 0.941;
rs6749597:rs2287602, D′ = 1, r2 = 0.937). All variations in
CPS1 that passed the quality control tests are in the same
haplotype block (Fig. 1).

Type 2 Diabetes

SNPs in the GLS and CPS1 genes were associated with T2D
(Table 4). The SNP in the CPS1 gene (rs2302909) is not in
HWE, so it will not be further considered. The liver is the
major hub of ammonia metabolism and gluconeogenesis, so
it is not surprising that ammonia metabolism genes are linked
to T2D. Excess glutamate in the liver can be deaminated, fed
into the citric acid cycle, and then used for gluconeogenesis,
contributing to the high blood glucose levels observed in T2D.
Although T2D is traditionally associated with insulin resis-
tance in the liver and peripheral tissues, one of the hallmarks
of the later stages of T2D is the inability of β cells in the
pancreas to secrete enough insulin to activate insulin signaling

Table 6 Haplotype analysis of risk of MDD based on PLINK in family-based study design

Haplotype Gene Affected frequency (%) Unaffected frequency (%) Chi-square p value

rs3856348 rs6725303 CPS1

T C 27.91 18.57 7.005 0.0081

rs6725770 rs759688 CPS1

A T 23.51 30.22 3.881 0.0488

rs918233 rs1509821 CPS1

A G 56.22 47.8 4.545 0.0330

rs17773128 rs6749597 CPS1

C T 14.64 8.242 5.459 0.0195

rs6749597 rs2887913 CPS1

T C 14.64 8.242 5.459 0.0195

rs2887913 rs9789405 CPS1

C T 15.52 8.242 6.748 0.0094

rs9789405 rs2287603 CPS1

T T 15.42 8.171 6.723 0.0095

C T 62.9 71.56 5.157 0.0232

rs2287603 rs2287602 CPS1

T C 16.01 8.929 5.719 0.0168

T T 61.72 69.64 3.925 0.0476

rs2287602 rs10515951 CPS1

C G 15.95 8.929 5.644 0.0175
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Table 7 Haplotype analysis of risk of T2D based on PLINK in family-based study design

Haplotype Gene Affected frequency (%) Unaffected frequency (%) Chi-square p value

rs1921915 rs6758866 GLS

T G 47.95 56.67 4.034 0.0446

rs2355570 rs1921907 GLS

T A 26.03 17.15 6.942 0.0084

rs1921907 rs17748089 GLS

A G 51.37 42.8 3.894 0.0485

rs17748089 rs1517354 GLS

G C 14.38 7.64 7.744 0.0054

rs1517354 rs883844 GLS

C C 5.37 1.02 17.06 3.63E−5
rs1509821 rs981024 CPS1

G C 41.78 50.64 4.105 0.0428

rs10515951 rs6714124 CPS1

T C 2.74 7.06 3.957 0.0467

rs2371001 rs3821135 CPS1

A C 2.14 6.87 4.822 0.0281

G A 52.84 43.3 4.756 0.0292

rs3821135 rs7607205 CPS1

C T 6.85 13.0 4.568 0.0326

rs7607205 rs12468557 CPS1

G C 9.03 3.97 7.675 0.0056

rs12468557 rs2302909 CPS1

C A 19.01 8.87 14.89 1.14E−4
C C 46.05 55.59 4.751 0.0293

rs2302909 rs7599931 CPS1

A G 5.43 2.27 5.155 0.0232

A T 14.43 6.96 10.21 0.0014

Fig. 1 Linkage disequilibrium structure of founders from the dataset using HAPLOVIEW software
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pathways in insulin-resistant tissues (Cantley and Ashcroft
2015). The incretin pathway is involved in insulin secretion
in the pancreas (Yokoi et al. 2016). Several experimental
drugs for the treatment of T2D have been designed to increase
the effectiveness of the incretin pathway (Drucker et al. 2010).
Glutamate has been found to increase insulin excretion by
amplifying the incretin pathway in beta cells (Gheni et al.
2014). Therefore, changes in glutamate levels in the pancreas
may affect the response to glucose signaling in T2D. As
discussed above, CPS1, GLUL, and GLS may all affect the
levels of glutamate available for signaling. GLS is expressed
in pancreatic tissue (http://www.proteinatlas.org/
ENSG00000115419-GLS/tissue) (Uhlén et al. 2015), so

changes in expression of these genes could affect pancreatic
function. These changes may play a role in the disease pro-
cesses of T2D.

One SNP in HWE in the GLS gene is predicted to have a
functional role that may be associated with T2D (Table 9). The
SNP rs1517354 was predicted by Human Splice Finder to
create an enhancer site (Table 9), possibly leading to an in-
crease in GLS gene expression in T2D. This variation may
lead to an increase in the rate at which glutamine is catabolized
to glutamate and ammonia. When released from neurons, in-
creased glutamate levels in the synaptic cleft can lead to
excitotoxicity (Zhou and Danbolt 2014). A recent study sug-
gests that some of the pathology of T2D may be due to in-
creased activity of pancreatic receptors for glutamate (Huang
et al. 2017). Glutamate excitotoxicity in the brain is mainly
mediated by the NMDA receptor (NMDAR) (Lau and
Tymianski 2010). A functional role for NMDARs has also
been found in pancreatic beta cells (Inagaki et al. 1995;
Marquard et al. 2015). The NMDAR agonist, glutamate,
was found to be increased in the plasma of diabetic patients
and in a rat model of diabetes (Huang et al. 2017). In vitro
studies have shown that blocking NMDAR activation reduces
glucose-mediated damage to pancreatic beta cells and im-
proves beta cell function (Huang et al. 2017). These results
suggest that changes in the expression of genes involved in
glutamate metabolismmay play a role in T2D by affecting the
function of pancreatic beta cells.

Changes in Expression of Ammonia Metabolism
Genes: an Explanation for Some Common Pathologies
in AD, MDD, and T2D?

Cortical thinning is a feature of AD (Du et al. 2007), MDD
(Tu et al. 2012), and T2D (Yoon et al. 2017). The temporal
cortex appears to be specifically affected. Cortical thinning
may be caused by cell death due to glutamate excitotoxicity.
As previously discussed, the epidemiology of these diseases
seems to be linked. For example, a study found that individ-
uals with AD are at increased risk for T2D (Janson et al.
2004). A more recent study concluded that comorbidity of
MDD and T2D increased the risk of dementia (Katon et al.
2012).

Memantine, an NMDAR antagonist, is a drug used to re-
duce glutamate excitotoxicity for the treatment of AD.
Memantine was also found to have protective effects on pan-
creatic beta cells and to reduce blood glucose levels in a
mouse model of diabetes (Huang et al. 2017), and it improved
some measures of cognitive functioning in a mouse model of
T2D (Iwanami et al. 2014). Double-blind studies suggest that
memantine may also be an effective treatment for MDD
(Amidfar et al. 2017). The efficacy of this drug for the treat-
ment of several different diseases suggests clinically signifi-
cant commonalities in the disease mechanisms. Because

Table 8 Top linkage disequilibrium measures

SNP 1 SNP 2 D′ r2

rs10932334 rs3856348 1 0.979

rs6725303 rs6725770 1 0.951

rs6749597 rs9789405 1 0.941

rs6749597 rs2287602 1 0.937

rs6714124 rs7573258 1 0.718

rs2371000 rs2371001 1 0.71

rs6725770 rs918233 1 0.622

rs6758866 rs1921907 0.997 0.984

rs2012564 rs2887913 0.997 0.932

rs981024 rs2012564 0.997 0.929

rs7573258 rs2371001 0.996 0.703

rs2355570 rs883844 0.995 0.561

rs9789405 rs2287602 0.994 0.977

rs13010236 rs12997383 0.991 0.62

rs1921907 rs883844 0.99 0.777

rs1921915 rs1517354 0.988 0.707

rs6758866 rs883844 0.987 0.764

rs7573258 rs2371000 0.986 0.97

rs6714124 rs2371000 0.982 0.695

rs6714124 rs2371001 0.981 0.947

rs981024 rs2887913 0.98 0.958

rs6725303 rs918233 0.978 0.626

rs7607205 rs12468557 0.955 0.788

rs2371001 rs7607205 0.948 0.567

rs3856348 rs2887913 0.948 0.554

rs10932334 rs2887913 0.945 0.563

rs3856348 rs981024 0.939 0.543

rs10932334 rs981024 0.936 0.551

rs6714124 rs7607205 0.935 0.542

rs3856348 rs2012564 0.931 0.571

rs759688 rs10515951 0.922 0.631

rs10932334 rs2012564 0.906 0.551

rs2887913 rs6714124 0.885 0.501

SNP pairs with D′ > 0.8 and r2 > 0.5
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glutamate signaling is so tightly tied to ammonia metabolism,
changes in the expression of ammonia metabolism genes may
be at least partially responsible for the observed cortical thin-
ning and disease phenotypes in all three of these disorders.

Testable Hypotheses Generated and Study
Limitations

This study generates several testable hypotheses: (1)
Individuals with the minor allele variants of rs6758866,
rs2355570, and rs1517354 have altered GLS gene expression
and glutaminase enzyme activity. (2) Individuals with abnor-
mal GLS gene expression are at greater risk for AD or T2D.
(3) Individuals with the minor allele variants rs9789405 and
rs2287602 have altered expression of the CPS1 gene and al-
tered CPS1 enzyme activity. (4) Individuals with alteredCPS1
gene expression are at higher risk for MDD. (5) Individuals
with abnormal blood ammonia levels are at higher risk for
MDD, and reducing blood ammonia may alleviate some of
the symptoms of MDD. (6) Changes in glutamate levels in the
brain due to changes in the expression of GLS, GLUL, or
CPS1 are common to AD, MDD, and T2D, and these changes
contribute to the common tissue pathology observed in these
diseases. (7) Drugs that regulate glutamate signaling may al-
leviate some symptoms of AD, MDD, and T2D.

While this study’s results generate many hypotheses con-
sistent with the published literature, the study also has several
limitations. We report a genetic association from just one
dataset; to decrease the risk of a type 1 error, other datasets
with similar and different study designs should also be exam-
ined for comparable associations. Only rs1517354, the C-C
haplotype from rs1517354 and rs883844, and the C-A haplo-
type from rs12468557 and rs2302909 with T2D (Tables 4 and
7) showed significant associations after a Bonferroni

correction (p < 0.00111). Thus, our current findings might be
subject to type 1 error, and the results need to be supported by
additional large samples in a future study. Second, it was not
possible to predict the direction of change in gene expression
of the SNPs rs2287602 and rs1921907 because they were
predicted to interact with TFs that can be either activators or
repressors. Third, GWAS have largely not indicated ammonia
metabolism gene associations with AD, T2D, or MDD. This
may be because the associations are weak or because of in-
complete genomic coverage in GWAS datasets. Lastly, the
bioinformatic results of this study need to be supported by
experimentation to verify these predictions. Even with these
limitations, the findings of this study are potentially clinically
relevant and warrant further investigation due to their high
explanatory power and their general consistency with experi-
mental results.

Conclusion

This study used data from a family-based study design and
found a novel epidemiological association of select ammonia
metabolism genes with AD, MDD, and T2D. Bioinformatic
analyses suggested a functional role for many of the identified
SNPs. These functional roles generally fit with previously
published experimental results. The associations found in this
study should be confirmed by other genetic epidemiological
studies to increase confidence in our conclusions. One dataset
which may replicate the current results is from the Columbia
University Study of Caribbean Hispanics with Familial and
Sporadic Late Onset Alzheimer’s Disease, dbGaP Study
Accession: phs000496.v1.p1. The next step would be to ex-
perimentally verify the effects of these SNPs on gene expres-
sion and protein levels. This study is a step toward

Table 9 Bioinformatic analysis
predicted functional effects of
SNPs associated with AD, MDD,
or T2D

SNP Gene Disease
association

Transcription factor binding
affected

Enhancer site
formation

rs6758866 GLS AD 0 +

rs2355570 GLS AD 0 +

rs1921907 GLS AD ETS1 0

rs883844 GLS AD 0 0

rs1921915 GLS T2D 0 0

rs1517354 GLS T2D 0 +

rs12735664 GLUL MDD 0 0

rs6749597 CPS1 MDD 0 0

rs9789405 CPS1 MDD E2F4 +

rs2287602 CPS1 MDD FOXP3 +

rs2302909 CPS1 MDD/T2D 0 +
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understanding the genetic and metabolic underpinnings of
complex diseases with heritable components.
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