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palm fruit Bioactives augment 
expression of tyrosine Hydroxylase 
in the nile Grass Rat basal ganglia 
and alter the colonic microbiome
Robert p. Weinberg1,2,5*, Vera V. Koledova1,2,5, Avinaash Subramaniam3, Kirsten Schneider1,2, 
Anastasia Artamonova  1,2, Ravigadevi Sambanthamurthi4, K. C. Hayes3, 
Anthony J. Sinskey1,2 & choKyun Rha2*

Tyrosine hydroxylase (TH) catalyzes the hydroxylation of L-tyrosine to L-DOPA. This is the rate-limiting 
step in the biosynthesis of the catecholamines – dopamine (DA), norepinephrine (NE), and epinephrine 
(EP). Catecholamines (CA) play a key role as neurotransmitters and hormones. Aberrant levels of CA 
are associated with multiple medical conditions, including Parkinson’s disease. Palm Fruit Bioactives 
(PFB) significantly increased the levels of tyrosine hydroxylase in the brain of the Nile Grass rat (NGR), 
a novel and potentially significant finding, unique to PFB among known botanical sources. Increases 
were most pronounced in the basal ganglia, including the caudate-putamen, striatum and substantia 
nigra. The NGR represents an animal model of diet-induced Type 2 Diabetes Mellitus (T2DM), exhibiting 
hyperglycemia, hyperinsulinemia, and insulin resistance associated with hyperphagia and accelerated 
postweaning weight gain induced by a high-carbohydrate diet (hicHo). the pfB-induced increase of tH 
in the basal ganglia of the nGR was documented by immuno-histochemical staining (iHc). this increase 
in TH occurred equally in both diabetes-susceptible and diabetes-resistant nGR fed a hicHo. pfB 
also stimulated growth of the colon microbiota evidenced by an increase in cecal weight and altered 
microbiome.  The metabolites of colon microbiota, e.g. short-chain fatty acids, may influence the brain 
and behavior significantly.

Tyrosine Hydroxylase - A Key Monooxygenase in Catecholamine Biosynthesis. Tyrosine 
hydroxylase (TH) [EC# 1.14.16.2] is a tetrahydrobiopterin-requiring monooxygenase (Fig. 1) which catalyzes 
the hydroxylation of L-tyrosine to L-DOPA (L-dihydroxyphenylalanine) which represents the rate-limiting step 
in the biosynthesis of the catecholamines (CA) including dopamine (DA), norepinephrine (NE) and epinephrine 
(EP)1–5. The catecholamines DA, EP and NE are key neurotransmitters and hormones in the mammalian central 
and peripheral nervous systems. TH activity is tightly regulated at both the transcriptional and post-transcrip-
tional levels6–13. The biosynthetic pathway for CA is depicted in Fig. 2.

Physiologic functions of the catecholamines include essential roles in cognition14, memory15, attention16 and 
emotion17,18. The neuronal cell bodies of the CNS catecholamine-producing neurons are primarily localized to the 
brain stem and have been extensively mapped by immunohistochemical methods19. Multiple medical conditions 
result from aberrant expression or activity of CA including bipolar disorder20, hypertension21, drug addiction22, 
schizophrenia23, muscle dystonias24 and Parkinson’s disease25.
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Background
the nile grass rat metabolically mirrors diabetes mellitus in humans. The Nile Grass rat (NGR), 
Arvicanthis niloticus, has demonstrated itself to be a unique animal model for diet-induced Type 2 Diabetes 
Mellitus (T2DM) because the NGR exhibits many of the pathologic features of T2DM26–38. When fed a fiber-free 

Figure 1. Tertiary structure of Tyrosine Hydroxylase using UCSF Chimera 1.6.1/PDB ID 2xsn. [Tyrosine 
hydroxylase showing all four subunits.png] by Gla086 licensed under CC BY-SA 3.0 Link: https://search.
creativecommons.org/photos/d3c70e04-ce8f-4974-a747-00933c48925d.

Figure 2. Mammalian catecholamine biosynthetic pathway from Phenylalanine. Phenylalanine 
hydroxylase converts phenylalanine to tyrosine. Tyrosine hydroxylase hydroxylates tyrosine to L-DOPA. 
L-DOPA is converted to dopamine by aromatic amino acid decarboxylase. Dopamine-β-hydroxylase 
hydroxylates dopamine to norepinephrine, which is then methylated to epinephrine by phenylethanolamine 
N-methyltransferase.
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carbohydrate-rich diet, or even a standard commercial rodent chow, its carbohydrate and energy metabolism 
becomes deranged, in a manner similar to Metabolic Syndrome (MetS) and T2DM in humans.

The weanling NGR that develops MetS, experiences hyperphagia and accelerated weight gain which evolves 
into T2DM within 8–10 weeks while fed a high carbohydrate diet (as opposed to its natural high fiber diet in its 
native environment). The MetS-T2DM syndrome in the NGR is also characterized by hyperinsulinemia, hyper-
glycemia, insulin resistance, hyperlipidemia and hepatic pathology resembling non-alcoholic fatty liver disease 
(NAFLD) in humans as well as developing renal pathology culminating in renal failure26–38. Few other animal 
models mimic the T2DM observed in humans with such similar pathologic features of T2DM, making the NGR 
model of MetS/T2DM a unique animal model.

Association of Alzheimer’s disease with diabetes mellitus. Preliminary observations made by the 
Hayes Lab identified locomotor deficits in the NGR afflicted with advanced T2DM including ataxia, limb weak-
ness, incoordination and gait disturbance, all of which suggested some degree of CNS-locomotor involvement. 
Furthermore, several decades of epidemiologic research in humans suggested an association between Alzheimer’s 
disease and T2DM 39–49. Thus the NGR was chosen for investigation of its brain, based on the hypothesis that the 
NGR advanced T2DM state may be linked to brain neuropathologic changes similar to those found in the brains 
of humans with T2DM associated with Alzheimer’s disease. If such an association were true, the NGR may offer a 
unique opportunity to investigate the effects of PFB on the pathogenesis of such neuropathology because multiple 
prior studies have shown that the NGR T2DM/MetS   and its sequellae are reduced by PFB supplementation50–52.

Other studies by the Rha Lab have shown that PFB can inhibit the aggregation and fibrillization of 
beta-amyloid peptide in vitro 53 and that PFB significantly modulates the cytokine secretome of IL-1β-activated 
human astrocytes in vitro, with significant reduction of TNF-α, RANTES and IP-1054. These actions of PFB 
on beta-amyloid and astrocyte cytokines in vitro provide a potential model for investigating novel therapeu-
tics aimed at reducing neuroinflammation in the neurodegenerative diseases. Furthermore, recent studies in the 
Sinskey Lab have shown that PFB reduces the cytotoxicity of aggregated α-synuclein peptide overexpressed in a 
transgenic yeast rescue assay [Angela Botes and Christian Ruckert, personal communication].

Palm fruit bioactives are an aqueous extract from the oil palm fruit. PFB is an aqueous extract 
from the fruit of the oil palm tree, Elaeis guineensis55–60. Several signature bioactive organic compounds have 
been identified and are depicted in Fig. 3. The five signature polyphenol compounds include protocatechuic 
acid, 4-hydroxybenzoic acid, and the three isomers of 3-caffeoylshikimic acid, 4-caffeoylshikimic acid, and 
5-caffeoylshikimic acid, along with shikimic acid and methyl-4-hydroxycinnamate. HPLC and LS/MS/MS have 
shown that PFB also includes smaller amounts of gallic acid, vanillic acid, caffeic acid, syringic acid, p-coumaric 
acid and ferulic acid. Depending on batch-specific processing of the crushed-steamed fruit, PFB has approximately 
5–10% dissolved solids in aqueous solution, of which about 2% are antioxidant polyphenols. These polyphe-
nol compounds have significant antioxidant properties61 as determined by the 2,2-diphenyl-1-picrylhydrazyl 
(DPPH)62 assay as well as by the Gallic Acid Equivalent (GAE)63 assay.

Multiple published studies have been performed with PFB (a.k.a. “Oil Palm Phenolics” and “Palm Fruit Juice”) 
which have shown the diverse biologic effects associated with PFB (Table 1).

 Research by the Malaysian Palm Oil Board has also demonstrated potent antioxidant activities of PFB on both 
molecular and genetic levels including the direct free radical inactivation in vitro as well as the upregulation of 
specific phase II hepatic detoxifying enzymes, upregulation of heme-containing oxido-reductases which reduce 
the levels of reactive oxygen species (ROS) in vitro, as well as increases in the level of intracellular glutathione 
due to increased activity of glutathione synthetase and glutathione reductase57,59,61. Based on these studies, the 
antioxidant potency of PFB is superior to   that of curcumin, ascorbate and beta-carotene.

Results
Biochemical and physiological changes in nile grass rats fed a high cHo diet. Thirty-nine male 
NGR were weaned at 3 weeks and fed a semi-purified high-carbohydrate diet (hiCHO) [60:20:20, carbohydrate:-
fat:protein, as percent calories] with or without 10% PFB (w/w) supplemented as a spray-dried powder incorpo-
rated in the diet to give a final concentration of 4.7 mg GAE/g (GAE = gallic acid equivalents) diet for 8 weeks 
duration. This hiCHO diet has been previously shown to induce MetS and T2DM in this NGR model26–28. Table 2 
lists some of the physiological parameters affected by diet and shows that this 60:20:20 diet induced diabetes in 
57% (12/21) of the 21 rats fed the hiCarb diet without PFB. By contrast, only 33% (6/18) of the rats supplemented 
with PFB developed diabetes, which represents a 45% reduction in T2DM.

T2DM was defined by an elevated random blood glucose (RBG) and fasting blood glucose (FBG) in the 
plasma, as well as by an abnormal oral glucose tolerance test (OGTT) at 4 weeks and 8 weeks post-weaning. The 
NGR is characterized by a genetic permissiveness toward the development of T2DM. While fed a highCHO diet, 
the NGR can be divided into 2 groups: diabetes-susceptible and diabetes-resistant.

Accordingly, none of these abnormal glucose values which were noted in the susceptible rats were apparent in 
the diabetes-resistant group. An abnormal plasma glucose profile in the susceptible rats was further supported by 
gross anatomical changes observed at necropsy. For example, the liver and kidney gross weights were greater in 
diabetes-susceptible rats, due to fat infiltration and renal dysfunction, as compared to diabetes-resistant animals. 
Measures of daily food intake positively linked total calories consumed to body weight gain, RBG, FBG and the 
OGTT at 4 weeks and 8 weeks (Table 2).

These metabolic parameters were also related to the organ pathology observed at necropsy after 8 weeks. Rats 
from both the diabetes-susceptible and diabetes-resistant subgroups were randomly assigned to a semipurified 
diet either supplemented with 10% PFB or without supplementation, upon initiation of the experiment at the 
time of weaning. The most notable response, summarized earlier, was that fewer rats supplemented with PFB 

https://doi.org/10.1038/s41598-019-54461-y


4Scientific RepoRtS |         (2019) 9:18625  | https://doi.org/10.1038/s41598-019-54461-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

developed diabetes (33% vs 57%). Six rats that developed diabetes while supplemented with PFB revealed less 
severe symptoms and fewer abnormal parameters (Table 2).

Effects of PFB on the NGR rat brain in diabetes-susceptible vs diabetes-resistant rats. Early 
observations by the Hayes Lab of NGR with advanced diabetes fed hiCHO revealed locomotor dysfunction 
with impaired balance and gait, ataxia, tremors, increased aggressiveness and occasional seizures when alarmed. 
However, the NGR which were supplemented with PFB were spared from these neurologic impairments in addition 
to the reduction in diabetic metabolic impairment including better overall glucose control, less hyperglycemia, better 
insulin levels and less insulin resistance as previously reported26–28. For the past 2 decades, the diabetic literature has 
suggested a link between T2DM and neurodegenerative diseases (NDG) such as Alzheimer’s disease39–49. Based on 
this association of T2DM and Alzheimer’s disease in humans along with the observed locomotor neurologic impair-
ment of the NGR rats with advanced diabetes, we decided to investigate the brains of the NGR fed the hiCHO diet, 
looking for histological evidence of neurodegenerative disease similar to those seen in humans, involving aggregates 
of aberrant proteins such as beta-amyloid, alpha-synuclein, hyperphosphorylated tau or aberrant neuronal enzymes.

Anatomic and Histologic changes seen in the brains of NGR rats by immunohistochemis-
try. Antibodies were chosen from a commercially-available Immunohistochemical Neurologic Panel which 
included antibodies against beta-amyloid peptide, phosphorylated tau proteins, alpha-synuclein, as well as tyros-
ine hydroxylase and other neuronal enzymes represented in the panel. Table 3 lists the semi-quantitative results of 
this IHC staining for β-amyloid, phosphorylated tau protein, α-synuclein and tyrosine hydroxylase in the brains 
of adult NGR rats with or without PFB supplementation. IHC staining was also performed against other neuro-
peptide and enzyme targets with negative results.

Table 3 shows minimal differences detected by IHC staining for levels of beta-amyloid, phosphorylated tau 
protein, or alpha-synuclein between diabetes-susceptible and diabetes-resistant rats, irrespective of whether they 
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Figure 3. Some signature bioactive organic compounds present in PFB. PFB is a complex heterogeneous 
phytochemical mixture prepared from an aqueous extract from the fruit of the oil palm tree.
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were supplemented with PFB or not. However, IHC staining for Tyrosine Hydroxylase was significantly more 
positive in rats supplemented with PFB compared to those not supplemented. The presence or absence of diabetes 
[high blood glucose] did not appear to affect tyrosine hydroxylase expression.

These results disprove our original hypothesis that diabetes is associated with neurodegenerative  changes in 
the brain, looking at beta-amyloid, phosphorylated tau and alpha-synuclein, and leave us with the new hypothesis 
that PFB augments expression of TH in the brain regardless of the diabetic state.

Based on the positive IHC staining for TH in the NGR rat brains (Table 3), further histologic studies were 
performed on the brains of 21 male NGR rats (Table 4). Animals were divided based on diabetic metabolic status 
as either susceptible or resistant subgroups, with diabetes determined by an RBG greater than 75 mg/dl and FBG 
greater than 60 mg/dl.

Table 4 reveals the mean intensity of IHC staining for TH in the striatum by light microscopy for the 21 NGR 
rat brains, where the mean optical density represents the densitometry of the image analyzed using the Nikon 
NIS-elements BR software which determines staining intensity by measuring pixel density. For the NGR not sup-
plemented with PFB, the mean optical density ranges from 0.14 for the diabetes-resistant, through 0.15 for severe 
diabetes, to 0.16 for the diabetes-susceptible. In contrast, for the NGR supplemented with PFB, the mean optical 
density ranges from 0.38 for the diabetes-susceptible to 0.42 for the diabetes-resistant.

IHC staining was then performed on serial coronal sections of the NGR rat brains using a primary mouse 
anti-tyrosine hydroxylase antibody. IHC staining with anti-tyrosine hydroxylase antibody showed strong positive 
staining of the brain striatum, caudate-putamen and substantia nigra in the NGR rats whose diet was supple-
mented with PFB compared with those rats whose diet was not supplemented with PFB regardless of diabetic 
versus non-diabetic state (Figs. 4, 5 and 6).

Distribution of tyrosine hydroxylase in serial coronal sections of the rat brain. On the right side 
of Fig. 4, we see that NGRs which were supplemented with PFB show strong positive staining of the brain stria-
tum with anti-tyrosine hydroxylase antibody, compared with NGRs which were not supplemented with PFB, seen 
on the left side. These sections corroborate the novel finding that PFB induces increased expression of TH in the 
NGR brain, in this case involving the striatum.

Figure 5 shows coronal brain sections of the NGR through the striatum and substantia nigra which were 
stained for TH by IHC. The right side of Fig. 5(B,D) shows brain sections from NGRs which were supplemented 
with PFB, and we see strong staining for TH in the striatum (panel B) and the substantia nigra (panel D). The left 
side of Fig. 5(A,C) shows brain slices from those NGRs which were not supplemented with PFB, and there is only 
faint basal staining for TH in the striatum (panel A) or in the substantia nigra (panel C).

Figure 6 shows additional coronal brain sections of the striatum and caudate-putamen stained by IHC for TH 
in an additional 15 NGR rats. The left 3 columns were taken from rats without PFB supplementation and show 
faint basal staining for TH. The right 2 columns are from NGR supplemented with PFB and show strong dark 

Biologic Effect
Model 
System Discovery

Reduction in hyperglycemia, increased insulin sensitivity, reduced MetS & T2DM pathology
Nile 
Grass 
rat

Bolsinger et al.50

Reduction in arterial blood pressure via increased endothelial production of nitric oxide Rabbit Sambanthamurthi et al.65

Reduction of reactive oxygen species via direct neutralization and increased oxido-reductases In vitro Sambanthamurthi et al.65

Inhibition of cancer cell proliferation and growth; inhibition of proliferation and growth of 
xenotransplanted tumors Mouse Sambanthamurthi et al.51 

Sekaran77 Ji et al.78

Reduction in retroviral replication via inhibitory action against HIV protease and reverse 
transcriptase In vitro Sambanthamurthi et al.79

Modulation of IL-1β-activated astrocyte cytokine secretome with reduction of TNF-α, RANTES, 
IP-10 In vitro Weinberg et al.54

Reduction in beta-amyloid (1–42) peptide aggregation and reduced fibrillization In vitro Weinberg et al.53

Reduction in mitochondrial genome mutation rate following exposure to genotoxins In vitro Osborne et al.80

Inhibition of angiogenesis and inflammation Mouse Zandi et al.52,81

Alteration of GI motility & physiology Rat Patten et al.82

Reduction of the pro-inflammatory transcription factor NF-kB In vitro Ji et al.78

Alteration of colonic microbiota with differential bacterial species & populations Rat Conlon et al.,  submitted

Radio-protection and increased cellular resistance to high-energy ionizing radiation In vitro Koledova et al.83

Modulation of the murine transcriptome Mouse Leow et al.64

Reduction in LDL oxidation In vitro Sambanthamurthi et al.65

Reduction of ischemic cardiac ventricular arrhythmias induced by ligature of coronary arteries Rat Sambanthamurthi et al.51

Reduction of arterial atherosclerosis Rabbit Idris et al.84

Alteration of hormetic stress response genes with increase in fruit fly longevity Fruit Fly Leow et al.85

Increase in neuroprotection and enhancement of cognitive processes Mouse Leow et al.64

Reduction of plasma lipids and reduced obesity via altered metabolic energy profile Mouse Sambanthamurthi et al.65

Table 1. Biologic Effects associated with Palm Fruit Bioactives (a.k.a. Oil Palm Phenolics).
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intense staining for TH. Both groups consumed on average 7.7 g of diet per day. For the +10% PFB NGR, the 7.7 g 
of diet contained the equivalent of  36.2 mg GAE (antioxidant equivalents). Based on an average body weight of 
93 g at 8 weeks, this dose was equivalent to 389 mg GAE per kilogram per day. Interestingly, the blood glucose 
levels (RBG, FBG) and diabetic state of resistance versus susceptibility had no effect on the expression of tyrosine 
hydroxylase in these brains. For increased TH expression, the only determinative factor was whether the NGR 
rats were supplemented with PFB or not.

Quantitative analysis of iHc staining intensity by niS-BR densitometry. Images were quantita-
tively analyzed by light microscopy and photo-densitometry using the Nikon NIS-elements BR software which 
measures the anti-TH staining intensity. All NGR brain sections revealed that supplementation of the diet with 
10% PFB significantly increased the level of expression of tyrosine hydroxylase in the basal ganglia of the NGR 
brains. The staining for TH was most pronounced in the striatum, the caudate-putamen and the substantia nigra. 

Ingredient

Diet

No PFB 10% PFB

CHO:Fat:Prot %E 60:20:20 60:20:20 + 10%PFJ

kcal/g 4.2 4.2

mg GAE/kcal 0.0 1.14

mg GAE/g diet 0.0 4.8

resistant susceptible resistant susceptible

n=21 n=18

<75 mg >75 mg <75 mg >75 mg

RBG >75 mg/dl
(% incidence T2DM) n= 9 12 (66%) 12 6 (33%)

Random Body weight (g)

Initial (3wk of age) 28 ± 3 28 ± 4 28 ± 4 30 ± 6

After 4 wks 71 ± 8 78 ± 6a 70 ± 7a 74 ± 9

After 8 wks 92 ± 5 97 ± 7a 90 ± 9a,b 99 ± 8b

Random blood glucose (mg/dl)

After 4 wks 68 ± 6a 125 ± 88a,b 76 ± 17b 89 ± 34

After 8 wks 63 ± 5a 268 ± 209a,b 63 ± 7b 163 ± 162

OGTT (BG mg/dl)

After 4 wks

  Fasting blood glucose, 
0 min 55 ± 25 54 ± 18 57 ± 9 46 ± 6

30 min 230 ± 48 261 ± 43a 198 ± 59a 221 ± 79

    After 8 wks

  Fasting blood glucose, 
0 min 47 ± 8 59 ± 27 57 ± 11 55 ± 12

    30 min 182 ± 27a,b,c 372 ± 101a,d,e 263 ± 63b,d 306 ± 94c,e

    60 min 97 ± 32a,b 269 ± 141a,c 165 ± 48c 202 ± 112b

Organ weight (%BW)

Liver 3.16 ± 0.26a 3.80 ± 0.55a,bc 3.46 ± 0.20b 3.43 ± 0.22c

Kidne 0.66 ± 0.05a 0.73 ± 0.07a 0.70 ± 0.04 0.72 ± 0.11

Cecum 1.16 ± 0.12a,b 1.29 ± 0.28c,d 1.64 ± 0.40a,c 1.58 ± 0.15b,d

    Adipose

      Epididymal 3.31 ± 0.48a,b 2.86 ± 0.38a 2.81 ± 0.50b 3.07 ± 0.40

      Perirenal 1.54 ± 0.19 1.69 ± 0.52 1.56 ± 0.40 1.64 ± 0.38

      Brown fat 1.73 ± 0.36 2.00 ± 0.34 1.88 ± 0.41 2.05 ± 0.31

        Total fat 6.59 ± 0.64 6.56 ± 1.04 6.26 ± 1.05 6.76 ± 0.49

    Carcass 75 ± 1 76 ± 7 74 ± 1 74 ± 1

Body length (cm) 12.9 ± 0.5 13.4 ± 0.6a 12.9 ± 0.6a 13.3 ± 0.5

Table 2. Physiologic parameters for 39 male NGR [separated at 3 wks old] fed a semi-purified high 
carbohydrate diet (60:20:20) with or without 10% PFB for 8 weeks, then subdivided into resistant or susceptible 
to diabetes based on a random blood glucose (RBG) ≥ 75 mg glucose/100 ml plasma. Values are Mean ± SD; 
aSignificant (P < 0.05) interaction term for diet × diabetes class (RBG <75 mg/dl>) revealed by two-way 
ANOVA; bSignificant (P < 0.05) effect of diet (GLoad) by two-way ANOVA; cSignificant (P < 0.05) increase 
due to diabetes (RBG > 75 mg/dl) by two-way ANOVA; dSignificant (P < 0.05) decrease due to diabetes 
(RBG > 75 mg/dl) by two-way ANOVA; All serum analyte statistical analyses  were carried out by two-way 
ANOVA . ND - Not detectable, below level of detection.
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No difference was seen between the diabetic and the non-diabetic rats. Our original hypothesis that the diabetic 
rats would have greater neuropathology than the non-diabetic rats was incorrect.

Imaging the IHC-stained striatum for TH revealed no significant difference between the diabetes-resistant and 
diabetes-susceptible or severe diabetes NGR rats (p > 0.05), with imaging intensities of: 0.14 ± 0.04, 0.16 ± 0.03 
and 0.15 ± 0.06, respectively (Table 4). Also, no difference was observed between the imaging intensities of dia-
betes susceptible or resistant subgroups which did receive PFB supplementation with intensities of 0.42 ± 0.09 and 
0.38 ± 0.07 units, respectively (p > 0.05) (Table 4).

However, a significant difference was found for TH between the NGR subgroup that received PFB supple-
mentation versus those that did not receive PFB supplementation (p < 0.05) independent of diabetic metabolic 
state (Fig. 7 and Table 4). Specifically, PFB supplementation increased the expression of TH in the striatum of 
diabetes-resistant NGR rats 3-fold (p < 0.005) and 2.4-fold (p < 0.003) in diabetes-susceptible rats via Student’s 
t-test. Figure 8 and Table 5 compare the intensity of TH staining in the NGR brain combining all NGR rats that 
received PFB supplementation [0.40 ± 0.08 units] vs. those that did not [0.15 ± 0.04 units], (p < 0.05).

In Table 5, we see that the seven NGR rats which received PFB have a mean optical density of 0.40 which is 
between 2 and 3 times as much tyrosine hydroxylase staining in the basal ganglia compared with the thirteen 
NGR rats which did not receive PFB with a mean optical density of 0.15.

Figure 8 shows us graphically that the NGR rats receiving PFB have substantially greater tyrosine hydroxylase 
staining than the NGR rats which did not receive PFB.

Effects of PFB on NGR gastrointestinal physiology and the microbiome. The nutritional data and 
induction of T2DM observed were consistent with the NGR model of T2DM reviewed elsewhere26–28. In sum-
mary, the rats under study revealed differences in genetic permissiveness to diabetes when consuming the same 
hiCHO diet (60:20:20; % energy intake), including more rapid weight gain in the genetically-permissive NGR 
associated with the major elevation in random blood glucose (RBG) and the hyperglycemic oral glucose tolerance 
test (OGTT). It was previously shown that this reflects greater caloric intake by the susceptible rats. On the other 
hand, PFB had no detectable impact on weight gain, but it did reduce the incidence (−40% in RBG) and severity 
(−20% based on OGTT) of the hyperglycemia (surrogate for diabetes). As shown previously, PFB also increased 
the cecum weight in all rats independent of diabetes, implying that the gut flora was altered by PFB, at least when 
added directly to the diet mix as powder [as in this study] or drink, but surprisingly NOT when supplemented in 
the drinking water as the only source of PFB.

The mean cecum weight (as percentage of total body weight) of the diabetes-resistant rats not receiving PFB 
was 1.16% and of the diabetes-susceptible rats not receiving PFB was 1.29% whereas the mean cecum cecum 
weight of diabetes-resistant rats receiving PFB was 1.64% and of the diabetes-susceptible rats receiving PFB was 
1.58% (Fig. 9A). These differences are statistically significant by two-way ANOVA. They also corroborate earlier 
gross observations by the Abeywardena Lab at CSIRO where at necropsy they noted that rats receiving PFB had 
grossly distended and discolored cecums. Figure 9A compares the diabetes-resistant and diabetes-susceptible 

Protein
DM-resistant, 
without PFB

DM-resistant, 
with PFB

DM-susceptible, 
without PFB

DM-susceptible, 
with PFB

Tau 2+ 2+ 2+ 2+

β- amyloid 1+ +/− 1+ +/−

α-synuclein 3+ 3+ 3+ 3+

Tyrosine hydroxylase 1+ 1+ 7+

Table 3. Semi-quantitative comparisons of CNS proteins by IHC staining. Minimal differences detected for 
levels of beta-amyloid, tau protein, or alpha-synuclein between diabetes-susceptible and diabetes-resistant 
rats, irrespective of whether they were supplemented with PFB or not. However, Tyrosine Hydroxylase was 
significantly more positive in rats supplemented with PFB compared to those not supplemented. The presence 
or absence of diabetes [high blood glucose] did not appear to affect tyrosine hydroxylase expression.

PFB status Diabetes status n
Mean optical 
density*

No PFB

Diabetes resistant 5 0.14 ± 0.04a

Diabetes susceptible 5 0.16 ± 0.03b

Severe diabetes 3 0.15 ± 0.06

+PFB 10%
Diabetes resistant 4 0.42 ± 0.09a

Diabetes susceptible 4 0.38 ± 0.07b

Table 4. TH staining of the striatum in the brain by IHC was performed on these 21 NGR rats which were 
fed semipurified hiCHO diets (60:20:20) with or without 10% PFB for 8 weeks, which were subdivided 
into diabetes-susceptible or diabetes-resistant rats based on an RBG ≥ 75 mg/dl. a,bSignificant difference 
(p < 0.05),  by two-way ANOVA. *Mean optical density is proportional to the concentration of the stain. Optical 
density = mean ± SEM. Image mean density collected by Nikon software from area ~5000 nm2 from subsection 
of the positively stained TH area (striatum).
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NGR, which did or did not receive PFB (4 groups). Panel 9B compares all NGR which did not receive PFB pooled 
together with all NGR which did receive PFB pooled together.

We observed that the cecum size was about 33% greater for all rats which received PFB supplementation com-
pared to those which did not receive PFB supplementation (Fig. 9B). This represents an increase in cecal weight 
of one-third of the basal level in the control NGR.

Cecum weight is primarily composed of its bacterial content. In essence, this suggests that increased prolifera-
tion of the microbiota (bacterial load) in diabetes-susceptible control rats [without   PFB] exacerbated the diabetic 
severity [associated with the greater cecum weight], while the supplementation of the diet with   PFB also induced 
greater cecal flora activity [as Cecum weight is associated with bacterial load], but here was beneficial in nature 
because the diabetic severity was reduced. In other words, more diabetes-inducing ‘bad flora’ prevailed with a 
hiCHO diet alone to induce diabetes, while enhanced-activity of gut flora with   PFB supplementation induced 
an anti-diabetic activity via a ‘good flora’ population. The Hayes Lab has performed some preliminary microbi-
ome profiling with 16S rRNA gene sequencing which shows that there is a reversal in the Firmicutes/Bacteroides 
ratio between the diabetic versus non-diabetic NGR rats as well as distinct bacterial species which are different 
between the two groups (KC Hayes, personal communication).

Figure 4. Coronal brain sections stained for TH by IHC. Rats with PFB (on right), show strong positive 
staining of the brain striatum, compared with rats not supplemented with PFB (on left). TH = brown color; 
nuclei counterstained with hematoxylin = blue color.
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Discussion
Initially our studies were driven by epidemiologic data showing an association between diabetes and Alzheimer’s 
disease in humans so we focused on the hypothesis that greater diabetes-related neuropathology would exist 
in the brains of diabetic-susceptible NGR rats fed hiCHO diets compared with diabetic-resistant NGR rats fed 
the same diet, and that these distinctions would be enhanced by PFB as it protected against diabetes. Based on 
previous studies which have demonstrated the glucose-lowering effects of PFB in this model, which was coupled 
with modulation of lipid and insulin metabolic profiles in the Nile Grass rats, the questions raised were whether 
NGR rat brains would show similar signs of neuroinflammation and neurodegenerative changes characteristic of 
Alzheimer’s disease attributable to T2DM in humans and whether such neuropathology might be mitigated by a 
dose of PFB known to deter their T2DM.

However, the null hypothesis was not rejected because the brains from diabetic NGR rats revealed no 
neuro-pathologic characteristics compared with the non-diabetic NGR rats, looking at beta-amyloid, phosphorylated 
tau or alpha-synuclein by IHC. The low but detectable levels of these neuro-peptides were relatively the same for both 
diabetic and non-diabetic animals. However, surprisingly our panel of primary antibodies did identify a substantial 
difference in the IHC staining for TH, a key enzyme in catecholamine biosynthesis, when PFB was supplemented in 
the diet. . The blood glucose (RBG, FBG) and diabetic status had no effect on the expression of TH in these NGR rat 
brains, but only supplementation of the diet with 10% PFB in the hiCHO diet significantly increased tyrosine hydroxy-
lase expression in the basal ganglia of these NGR rat brains, regardless of their diabetic metabolic state. The three areas 
of the NGR rat brain with the greatest increase in tyrosine hydroxylase were the striatum, caudate-putamen and the 
substantia nigra. Measurement of catecholamine levels in these areas of the NGR rat brain to assess the relationship 
between the elevated tyrosine hydroxylase levels and brain catecholamine levels await future studies now planned.

Several mechanisms may potentially explain the increase in brainstem tyrosine hydroxylase induced by PFB. 
Leow et al have previously shown that PFB specifically increased gene expression of the brain-derived neuro-
trophic factor (BDNF) as measured in the mouse transcriptome as well as BDNF-related neural networks64 and 
these changes seen with BDNF may be related to the changes in TH reported here. Protection against oxidative 
stress is known to restore tyrosine hydroxylase activity and PFB has been shown to be a potent antioxidant51,65 as 
well as potent negative-modulator of astrocyte-mediated neuroinflammation via reduction of TNF-α, RANTES 
and IP-10 secreted by the activated astrocytes54. In a transgenic yeast rescue assay, PFB has been shown to inhibit 

Figure 5. Coronal brain sections through Striatum and Substantia nigra compacta stained for TH by IHC. 
Panels A and B show Striatum; C and D show Substantia nigra compacta. (A,C) are sections from NGR fed 
hiCHO without PFB; B and D are sections from NGR fed hiCHO with PFB. There is strong positive staining for 
TH in (B,D), with only weak staining for TH in (A,C).
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the aggregation and cytotoxicity of overexpressed α-synuclein (Angela Botes and Christian Ruckert, Sinskey Lab, 
personal communication).

Furthermore, it has previously been reported that brain-derived neurotrophic factor (BDNF) increases tyros-
ine hydroxylase expression in striatal neurons66. BDNF works coordinately with partner molecules to initiate 
tyrosine hydroxylase expression in striatal neurons. It has also been reported that BDNF activates gene transcrip-
tion of tyrosine hydroxylase67. Activation of tyrosine hydroxylase (TH) gene transcription was induced by BDNF 
and its selective inhibition through Ca2+ signals evoked via the N-methyl-D-aspartate (NMDA) receptor. Our 
group has previously shown that PFB up-regulates several CNS genes involved in neuronal network maintenance 
and signaling through its upregulation of the BDNF network via murine transcriptomic studies64. This may also 
explain the findings of PFB increasing the levels of TH in the NGR rat brain in this study.

Regarding the gastrointestinal changes induced by PFB as evidenced by increased cecal weight, recent studies 
have shown the marked influence of the colonic   microbiota and their  metabolites on the brain and behavior. 
There is considerable evidence to suggest a role for the gut microbiota in increasing tyrosine hydroxylase activity 

Figure 6. Additional coronal brain sections from 15 NGR stained for TH by IHC. The left 3 columns come 
from NGR not supplemented with PFB, and the right 2 columns are from NGR supplemented with PFB in their 
diet. The rats consumed on average 7.7 g of diet per rat per day, which was equivalent to 36.2 mg GAE. Based on 
average body weight at 8 weeks of 93 g, this was equivalent to 389 mg GAE per kg rat per day.

Figure 7. Quantification of TH staining in the Striatum by Nikon NIS-elements imaging software based on the 
density of pixels in image. (PFJ = PFB).
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in the NGR rat brain. Short chain fatty acids produced by the gut  microbiota have been shown to increase the 
expression of tyrosine hydroxylase68. PFB has been reported to increase short-chain fatty acid concentrations in 
caecal digesta of Sprague-Dawley rats (Conlon, “Consumption of an extract of oil palm fruit promotes large bowel 
health in Rats,”  submitted)).

The increased cecum weights in the NGR that received PFB may provide some important clues on the mech-
anism of action of PFB on the colonic microbiome. The increased cecum weights in NGR receiving PFB suggest 
the presence of enhanced microbiome activity and growth, as many studies have shown that cecum weight is 
directly related to microbiome activity and is correlated with an increased GI bacterial load.

Multiple published studies have examined the association between the gut microbiome and the development 
of Parkinson’s disease69–76 (which is marked by a deficiency of DA in the substantia nigra usually due to reduced 
numbers of dopamine-producing neurons). A sample of these studies include the following. The microbiome 
has been shown to have a favorable impact on PD when the microbiota profile is enhanced by the Prevotella 
family, as Prevotellaceae were significantly less abundant in the feces of PD patients in one cited study. A low 
abundance of bacteria from the Prevotella genus is linked to Western diets, and are increased by plant-based diets. 
Low Prevotella is associated with decreased mucin synthesis and therefore increased gut permeability [leaky gut 
syndrome] is seen in another cited study. It is also an associated risk factor for low-grade systemic inflammation, 
which is often a factor in patients with PD. We are planning experiments to look at whether: (1) the gut flora 
in NGR is in fact favorably altered by PFB; (2) what are the specific changes in the bacterial species induced by 
PFB; and (3) whether these changes in the colonic microbiome can be shown to be strongly associated with the 
increased TH levels in the brainstem.

Another study cited demonstrated that transplantation of fecal samples from patients with PD or healthy controls 
into healthy, germ-free mice showed that those mice receiving human microbiome samples from patients with PD 
then developed signs of PD. Transplanting samples from healthy persons into similar mice did not trigger the devel-
opment of PD symptoms. One cited epidemiologic study showed that human data from 197 patients with PD and 
130 healthy controls found that patients with PD had evidence of imbalanced gut microbiomes (dysbiosis), in which 
some bacterial species existed in larger numbers and some in smaller numbers compared to the healthy controls.

Previous studies in the Hayes Lab have revealed distinct alterations of the colonic microbiota in the 
diabetes-susceptible versus the diabetes-resistant NGR (unpublished data, KC Hayes, personal communica-
tion). Early preliminary microbiome profiling with 16S rRNA gene sequencing shows that there is a reversal in 
the Firmicutes/Bacteroides ratio between the diabetic versus non-diabetic NGR rats as well as distinct bacterial 

Figure 8. Quantification of staining intensity for tyrosine hydroxylase in the striatum by Nikon NIS-
elements software showed a substantial increase in the level of TH in the striatum of the NGR receiving PFB 
supplementation.

PFB supplementation n Mean optical density*
No PFB 13 0.15 ± 0.04*

+PFB 10% 7 0.40 ± 0.08*

Table 5. Mean TH throughout the basal ganglia by IHC staining on 20 male Nile Rats (3 weeks old) fed 
semipurified hiCHO diets (60:20:20) with or without 10% PFB for 8 weeks or fed CHOW diets without PFB 
until the development of severe diabetes. *Mean optical density is proportional to pixel density of the stain. 
Mean optical density = mean ± SEM.Image mean density collected by Nikon software from area ~5000 nm2 
from subsection of the positively stained TH area (striatum).Statistical analysis by Student t-Test.
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species which are different between the two groups. This preliminary data needs further study to elucidate 
the changes in the microbiome to determine which bacterial species account for the increased cecum weight. 
Collaborators at CSIRO in Australia have conducted similar studies in the Sprague-Dawley rats and found that 
PFB increases cecal weight in that strain as well (Conlon “Consumption of an extract of oil palm fruit promotes 
large bowel health in rats”,   submitted). We are currently planning research to look for any evidence of inflamma-
tion of the bowel which may be the result of the altered colonic microbiota.

At this point, we have only carried out these studies with the Nile Grass rat. It would also be interesting to see if PFB 
affects the brain expression of tyrosine hydroxylase in other rat strains  and even whether PFB similarly increases the 
brain expression of tyrosine hydroxylase in other mammals. We believe that most of the bioactive properties observed 
are elicited by various components of PFB working in synergy and this is likely to be true for tyrosine hydroxylase 
activity as well. Future studies will look at individual components of PFB in an attempt to isolate specific biologic prop-
erties to specific components. We are also planning on measuring the catecholamine levels in the brains of NGR rats 
which receive PFB which would normally be expected to be elevated in those regions showing increased TH activity.

Main Conclusions
These studies have revealed that rapid induction of diabetes for 8 weeks with a high carbohydrate diet in male 
weanling Nile Grass rats is not associated with changes in the typical biomarkers of neurodegenerative processes 
as measured by beta-amyloid deposits, tangles of phosphorylated tau, or alpha-synuclein deposits. Although 
PFB supplementation deterred the incidence of T2DM substantially, it had no detectable impact on any of these 
peptide biomarkers as detected by immunohistochemical staining.

A novel finding is that diet supplementation with 10% PFB significantly increased the level of tyrosine hydrox-
ylase in the basal ganglia of all Nile rat brains, independent of diabetic status. This increase in brain tyrosine 
hydroxylase is a novel and potentially significant finding unique to PFB . The increases were most pronounced 
in the striatum, caudate-putamen and the substantia nigra. Tyrosine hydroxylase is a key and rate-limiting 
enzyme in catecholamine biosynthesis in the brain and adrenal medulla. The next logical question is whether the 
PFB-induced increase in tyrosine hydroxylase is accompanied by a parallel increase in specific catecholamines, 
such as dopamine, norepinephrine and epinephrine.

Figure 9. Cecal weights of NGR as percentage of total body weight. (a) DR = diabetes-resistant, DS = diabetes-
susceptible, (−) PFB = not supplemented with PFB, (+) PFB = supplemented with PFB; (b) no PFB – not 
supplemented with PFB, With PFB – supplemented with PFB.
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The gastro-intestinal tract finding of increased cecum weight caused by the PFB requires further investigation. 
The recent literature on colonic microbiome suggests a potent effect on the brain and behavior, sometimes medi-
ated by metabolites produced by the microbiota  . Early preliminary data from 16S rRNA gene sequencing suggest 
changes in the Firmicutes/Bacteroides ratio and differences in distinct bacterial species but these preliminary 
findings require further investigation.

Materials and Methods
Animal care, safety, protocols and euthanasia methods. All methods and procedures involving the 
use of the Nile Grass rats were approved by the Brandeis University Institutional Animal Care and Use Committee, 
Brandeis University, Bernstein Marcus, Room 121, MS 116, 415 South Street, Waltham, Massachusetts USA, and 
all methods and experimental protocols were conducted in accordance with all relevant university guidelines and 
regulations. Ethical and humane care principles were observed at all times in all the experiments.

nile grass rat subgroups and their respective diets. Thirty-nine male Nile Grass rats were separated and 
weaned at 3 weeks and fed a semi-purified high-carbohydrate diet (60:20:20, CHO:fat:Protein % energy) previously 
shown to induce MetS and T2DM in the NGR32,35,36. Approximately half were supplemented with 10% (w/w) PFB as 
spray-dried powder incorporated in the diet to give a final concentration of 4.7 mg GAE/g diet for 8 weeks duration.

Measuring daily food intake provided necessary details of energy intake that were expressed ultimately as 
metabolic characteristics related to clinical outcomes, including total calories consumed, body weight gain, RBG 
and FBG as well as OGTT at 4wk and 8wk, and organ pathology at necropsy after 8 weeks. Collectively the data 
better express differences in genetic permissiveness underlying the disease process.

immunohistochemical staining method. The NGR rats were selected for neuro-histologic studies of the 
brain based on their diabetes susceptibility. The rat brains were rapidly fixed by intra-arterial perfusion with 4% 
paraformaldehyde in 0.1 M phosphate buffer pH 7.4. The brains were removed from the cranial vault surgically. 
Coronal sections were made using a No. 11 surgical blade and the sections were placed in histology cassettes for 
paraffin embedding.

The sections were initially flooded with a blocking solution of 10% normal rabbit serum (NRS) with 0.1% 
Triton X-100 dissolved in 0.1 M PBS. Following the blocking solution, the sections were incubated with the mouse 
anti-tyrosine hydroxylase primary antibody working solution (Novus Biologicals, Cat No. NB300-109) at 4 °C for 
16–24 hours. The working solution was prepared from the mouse anti-tyrosine hydroxylase primary antibody, 
diluted 1:25 with a solution of 5% NRS/0.1% Triton X-100 dissolved in 0.1 M PBS. Following the washing away 
of primary antibody with 3 excess volumes of 10% normal rabbit serum (NRS) with 0.1% Triton X-100 dissolved 
in 0.1 M PBS (diluent) for 10 minutes, the secondary antibody was added. The secondary antibody consisted of 
affinity-purified rabbit anti-mouse IgG peroxidase-conjugated antibody (Jackson ImmunoResearch Laboratories, 
West Grove, PA) at a dilution of 1:50 in 5% NRS mixed with 0.1% Triton X-100 in 0.1 M PBS. The sections were 
incubated with the secondary antibody with at 4 °C for 2 hours on the shaker. Following the washing away of 
unbound secondary antibody with 3 excess volumes of 10% normal rabbit serum (NRS) with 0.1% Triton X-100 
dissolved in 0.1 M PBS (diluent) for 10 minutes, peroxidase substrate was then added to form insoluble dark 
brown product precipitate which can be visualized with optical light microscopy. The peroxidase substrate was 
provided by the DAB Substrate Kit (Vector, Burlingame, CA).

Sections were then rinsed 4 times in 0.1 M Tris-buffered saline (TBS), then mounted on subbed slides, dehydrated 
with ethyl alcohol, defatted with xylene, and then cover-slipped for light microscopic analysis. A subset of sections 
was counterstained with hematoxylin (Vector, Burlingame, CA). At least five coronal sections of mouse brain were 
processed for IHC. These five coronal sections included cerebrum, midbrain, brainstem, cerebellum and medulla. 
For the control sections, normal mouse serum (Sigma, St. Louis, MO) was substituted in place of the primary mouse 
anti-tyrosine hydroxylase antibody. IHC staining was carried out in the MIT Koch Institute Histology Core.

Microscopy. Optical transmission light microscopy was performed on a Nikon Labophot-2 microscope 
(Nikon Inc., Japan) at an objective magnification of 4x.

image analysis. The microscopic images were quantitatively analyzed using the Nikon NIS-elements BR 
software (V 2.03, Nikon Instruments, Melville, NY).

Statistical analysis. Statistical analysis of the results was performed using the Student’s t-test and two-way 
ANOVA with SPSS software.

Data availability
All relevant data are included within the manuscript but can also be made available online or through electronic 
mail for anyone requesting it.

Received: 27 June 2019; Accepted: 12 November 2019;
Published: xx xx xxxx

References
 1. Molinoff, P. B. & Axelrod, J. Biochemistry of Catecholamines. Ann. Rev. Biochem. 40, 465–500 (1971).
 2. Nagatsu, T. & Nagatsu, I. Tyrosine hydroxylase (TH), its cofactor tetrahydrobiopterin (BH4), other catecholamine-related enzymes, 

and their human genes in relation to the drug and gene therapies of Parkinson’s disease (PD): historical overview and future 
prospects. J. Neural. Transm. 123, 1255–1278 (2016).

https://doi.org/10.1038/s41598-019-54461-y


1 4Scientific RepoRtS |         (2019) 9:18625  | https://doi.org/10.1038/s41598-019-54461-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 3. Thony, B., Auerbach, G. & Blau, N. Tetrahydrobiopterin biosynthesis, regeneration and functions. Biochem. J. 347(1), 1–16 (2000).
 4. Lamouroux, A. et al. Identification of cDNA clone coding for rat tyrosine hydroxylase antigen. Proc. Natl. Acad. Sci. USA 79(12), 

3881–3885 (1982).
 5. Nagatsu, T. Biochemistry Of Catecholamines (University of Tokyo Press & University Park Press, Tokyo and Baltimore, 1973).
 6. Messer, C. J. et al. Regulation of tyrosine hydroxylase transcription in ventral midbrain by glial cell line-derived neurotrophic factor. 

Synapse 34(3), 241–243 (1999).
 7. Tekin, I. et al. Complex molecular regulation of tyrosine hydroxylase. J. Neur. Transm. 121(12), 1451–1481 (2014).
 8. Kvetnansky, R., Sabban, E. L. & Palkovits, M. Catecholaminergic systems in stress: structural and molecular genetic approaches. 

Physiol. Rev. 89(2), 535–606 (2006).
 9. Sabban, E. L. et al. Differential effects of stress on gene transcription factors in catecholamine systems. Ann. N.Y. Acad. Sci. 1032, 

130–140 (2004).
 10. Sabban, E. L. et al. Molecular regulation of gene expression of catecholamine biosynthetic enzymes by stress: sympathetic ganglia 

versus adrenal medulla. Ann. N.Y. Acad. Sci. 1018, 370–377 (2004).
 11. Sumi-Ichinose, C. et al. Catecholamine and serotonin are differentially regulated by tetrahydrobiopterin. A study from 

6-pyruvoyltetrahydrobiopterin knockout mice. J. Biol. Chem. 276(44), 10062–10071 (2001).
 12. Itagaki, C. et al. Stimulus-coupled interaction of tyrosine hydroxylase with 14-3-3 proteins. Biochem. 38(47), 15673–15680 (1999).
 13. Nakashima, A. et al. Role of N-terminus of tyrosine hydroxylase in the biosynthesis of catecholamines. J. Neural. Transm. 116(11), 

1355–1362 (2009).
 14. Tripp, G. & Wickens, J. R. Neurobiology of ADHD. Neuropharm. 57, 579–589 (2009).
 15. Arnsten, A. F. Catecholamine regulation of the prefrontal cortex. J. Psychopharm. 11(2), 151–162 (1997).
 16. Assadi, S. M., Yucel, M. & Pantelis, C. Dopamine modulates neural networks involved in effort-based decision-making. Neurosci. 

Biobehav. Rev. 33(3), 383–393 (2009).
 17. Anisman, H. & Zacharko, R. M. Behavioral and neurochemical consequences associated with stressors. Ann. N.Y. Acad. Sci. 467, 

205–225 (1986).
 18. Brooks, D. J. & Piccini, P. Imaging in Parkinson’s disease: the role of monoamines in behavior. Biol. Psych. 59(10), 908–918 (2006).
 19. Hokfelt, T. et al. Distribution maps of tyrosine-hydroxylase immunoreactive neurons in the rat brain. In: Bjorklund A, Hokfelt T 

(Eds) Handbook of Chemical Neuroanatomy. Classical transmitters in the CNS. Part 1, vol. 2, 277–379 (Elsevier, Amsterdam, 1984).
 20. Cousins, D. A., Butts, K. & Young, A. H. The role of dopamine in bipolar disorder. Bipolar Disord. 11(8), 787–806 (2009).
 21. Grobecker, H., Saavedra, J.M., McCarty, R., Weise, V.K., Kopin, I.J. Role of noradrenergic nerves and adrenal medulla during the 

development of genetic and experimental hypertension in rats. In (E. Usdin, I.J. Kopin, J. Barchas, Editors) Catecholamines: Basic 
and clinical frontiers, Proc Int Catecholamine Symp, pp. 906–908 (Pergamon Press, NY, 1978).

 22. Koob, G. F. & Volkow, N. D. Neurocircuitry of addiction. Neuropsychopharm. 35(1), 217–238 (2010).
 23. Brisch, R. et al. The role of dopamine in schizophrenia from a neurobiological and evolutionary perspective: old fashioned, but still 

in vogue Front. Psych. 5, 1–11 (2014).
 24. Janavs, J. L. & Aminoff, M. J. Dystonia and chorea in acquired systemic disorders. J. Neurol. Neurosurg. Psych. 65, 436–445 (1998).
 25. Hisahara, S. & Shimohama, S. Dopamine receptors and Parkinson’s Disease. Int. J. Med. Chem., https://doi.org/10.1155/2011/403039 

(2011).
 26. Subramaniam, A., Landstrom, A., Luu, A. & Hayes, K. C. The Nile Rat (Arvicanthis niloticus) as a Superior Carbohydrate-sensitive 

model for Type 2 Diabetes Mellitus (T2DM). Nutrients 10(2), 235–266 (2018).
 27. Bolsinger, J., Pronczuk, A. & Hayes, K. C. Dietary carbohydrate dictates development of Type 2 diabetes in the Nile rat. J. Nutr. 

Biochem. 24(11), 1945–1952 (2013).
 28. Chaabo, F., Pronczuk, A., Maslova, E. & Hayes, K. Nutritional correlates and dynamics of diabetes in the Nile rat (Arvicanthis 

niloticus): a novel model for diet-induced type 2 diabetes and the metabolic syndrome. Nutr. Metab. 7, 29 (2010).
 29. Bolsinger, J., Landstrom, M., Pronczuk, A., Auerbach, A. & Hayes, K. C. Low glycemic load diets protect against metabolic syndrome 

and Type 2 diabetes mellitus in the male Nile rat. J. Nutr. Biochem. 42, 134–148 (2017).
 30. Noda, K. et al. An animal model of spontaneous metabolic syndrome: Nile grass rat. F.A.S.E.B. J. 24(7), 2443–2453 (2010).
 31. Subramaniam, A., Landstrom, M. & Hayes, K. C. Genetic Permissiveness and Dietary Glycemic Load Interact to Predict Type-II 

Diabetes in the Nile rat (Arvicanthis niloticus). Nutrients 11, 1538 (2019).
 32. Han, W. H. et al. Modifications in retinal mitochondrial respiration precede type 2 diabetes and protracted microvascular 

retinopathy. Invest. Ophthalmol. Vis. Sci. 58, 3826–3839 (2017).
 33. Yang, K. et al. Five stages of progressive β-cell dysfunction in the laboratory Nile rat model of type 2 diabetes. J. Endocrin. 229, 

343–356 (2016).
 34. Gotzmann, J. Protracted Vascular Retinopathy in a Novel Model of Spontaneous Type 2 Diabetes. M.Sc. In Physiology thesis, Dept. 

of Physiology, University of Alberta, Canada (2015).
 35. Schneider, J., Kuny, S., Beker, D., Sauve, Y. & Lemieux, H. Cardiovascular sexual dimorphism in a diet-induced type 2 diabetes 

rodent model, the Nile rat (Arvicanthis niloticus). PLoS One 13(12), e0208987 (2018).
 36. Zandi, S., et al Role of oil palm phenolics in angiogenesis and inflammation. Invest. Opthal. Vis. Sci. ARVO Annual Meeting Abstract 

(2013).
 37. Toh, H. et al. Vascular changes in diabetic retinopathy – a longitudinal study in the Nile rat. Lab. Invest. 99, 1547–1560 (2019).
 38. Singh, J. et al. Characterization of the Nile Grass rat as a unique model for Type 2 Diabetic Polyneuropathy. J. Neuropathol. Exp. 

Neurol. 77(6), 469–478 (2018).
 39. Barbagallo, M. & Dominguez, L. J. Type 2 diabetes mellitus and Alzheimer’s disease. World J. Diabetes 5, 889–893 (2014).
 40. Mittal, K. & Katare, D. P. Shared links between type 2 diabetes mellitus and Alzheimer’s disease: A review Diabetes Metabol. 

Syn.:Clin. Res. Rev. 10(Supp 1), S144–S149 (2016).
 41. Akter, K. et al. Diabetes mellitus and Alzheimer’s disease: shared pathology and treatment? Br. J. Clin. Pharmacol. 71(3), 365–376 

(2011).
 42. Haan, M. N. Therapy insight: type 2 diabetes mellitus and the risk of late-onset Alzheimer’s disease. Nat. Clin. Pract. Neurol. 2(3), 

159–166 (2006).
 43. Biessels, G. J. & Kappelle, L. J. Increased risk of Alzheimer’s disease in Type II diabetes: insulin resistance of the brain or insulin-

induced amyloid pathology? Biochem. Soc. Trans. 33(Pt 5), 1041–1044 (2005).
 44. Messier, C. Diabetes, Alzheimer’s disease and apolipoprotein genotype. Exp. Gerontol. 38(9), 941–946 (2003).
 45. Grossman, H. Does diabetes protect or provoke Alzheimer’s disase? Insights into the pathobiology and future treatment of 

Alzheimer’s disease. C.N.S. Spectr. 8(11), 815–823 (2003).
 46. Chen, Z. & Zhong, C. Decoding Alzheimer’s disease from perturbed cerebral glucose metabolism: implications for diagnostic and 

therapeutic strategies. Prog. Neurobiol. 108, 21–43 (2013).
 47. Karki, R., Kodamullil, A. T. & Hofmann-Apitius, M. H. Comorbidity analysis between Alzheimer’s disease and Type 2 Diabetes 

Mellitus (T2DM) based on shared pathways and the role of T2DM drugs. J. Alzheimer’s Dis. 60, 721–731 (2017).
 48. Yarchoan, M. & Arnold, S. E. Repurposing Diabetes drugs for brain insulin resistance in Alzheimer Disease. Diabetes 63, 2253–2261 

(2014).
 49. Akter, K. et al. Diabetes mellitus and Alzheimer’s disease: shared pathology and treatment? Br. J. Clin. Pharmacol. 71(3), 365–376 

(2010).

https://doi.org/10.1038/s41598-019-54461-y
https://doi.org/10.1155/2011/403039


1 5Scientific RepoRtS |         (2019) 9:18625  | https://doi.org/10.1038/s41598-019-54461-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 50. Bolsinger, J., Pronczuk, A., Sambanthamurthi, R. & Hayes, K. C. Anti-diabetic effects of palm fruit juice in the Nile rat (Arvicanthis 
niloticus). J. Nutr. Sci. 3, e5 (2014).

 51. Sambanthamurthi, R. et al. Positive outcomes of oil palm phenolics on degenerative diseases in animal models. Br. J. Nutr. 106(11), 
1664–1675 (2011).

 52. Noda, K. et al. Retinopathy in a novel model of metabolic syndrome and type 2 diabetes: new insight on the inflammatory paradigm. 
F.A.S.E.B. J. 28(5), 2038–2046 (2014).

 53. Weinberg, R.P. et al. Oil Palm Phenolics inhibit the in vitro aggregation of β-Amyloid peptide into oligomeric complexes. Int. J. 
Alzheimer’s Dis., https://doi.org/10.1155/2018/7608038 (2018).

 54. Weinberg, R. P. et al. Palm Fruit Bioactives modulate human astrocyte activity in vitro altering the cytokine secretome reducing 
levels of TNFα, RANTES and IP-10. Nat. Sci. Rep. 8, 16423, https://doi.org/10.1038/s41598-018-34763-3 (2018).

 55. Sambandan, T. G. et al. Fingerprinting of oil palm phenolics. Proc. Palm Int. Nutra-Cosm. Conf., Malaysian Palm Oil Council, 
Selangor, Malaysia (2009).

 56. Sambanthamurthi, R., Tan, Y.A., Sundram, K. Treatment of vegetation liquors derived from oil-bearing fruit. United States Patent 
US 7,387,802 (USA, 2008).

 57. Sundram, K., Sambanthamurthi, R. & Tan, Y.A. Composition and nutritional characteristics of a water-soluble antioxidant rich 
extract from oil palm processing. Proc. Malaysian Palm Oil Board Int. Palm Oil Cong. (PIPOC) (Malaysian Palm Oil Board, Selangor, 
Malaysia) pp. 250–254 (2001).

 58. Sambandan, T. G. et al. Composition comprising caffeoyl-shikimic acids, protocatechuic acid, hydroxytyrosol, hydroxybenzoic acid 
and their derivatives and method of preparation thereof. WIPO Patent WO 2010/137943 (Malaysian Palm Oil Board, 2010).

 59. Sambanthamurthi, R., Sundram, K. & Tan, Y. Chemistry and biochemistry of palm oil. Prog. Lipid Res. 39, 507–558 (2000).
 60. Sundram, K., Sambanthamurthi, R. & Tan, Y. A. Palm fruit chemistry and nutrition.Asia Pac. J. Clin. Nutr. 12, 355–362 (2003).
 61. Balasundram, N. et al. Antioxidant properties of palm fruit extracts.Asia Pac. J. Clin. Nutr. 14, 319–324 (2005).
 62. Kedare, S. B. & Singh, R. P. Genesis and development of DPPH method of antioxidant assay. J. Food Sci. Technol. 48(4), 412–422 

(2011).
 63. Singh, S. & Singh, R. P. In vitro methods of assay of antioxidants: an overview. Food Rev. Int. 24(4), 392–415 (2008).
 64. Leow, S. S., Sekaran, S. D., Tan, Y. A., Sundram, K., & Sambanthamurthi, R. Oilpalm phenolics confer neuroprotective effects 

involving cognitive and motor functions in mice. Nutr. Neurosci. 16(5), 207–217 (2013).
 65. Sambanthamurthi, R. et al. Oil palm vegetation liquor: a new source of phenolic bioactives. Br. J. Nutr. 6, 1–9 (2011).
 66. Du, X., Stull, N. D. & Iacovitti, L. Brain-derived neurotrophic factor works coordinately with partner molecules to initiate tyrosine 

hydroxylase expression in striatal neurons. Brain Res. 680(1–2), 229–233 (1995).
 67. Fukuchi, M. et al. Activation of tyrosine hydroxylase (TH) gene transcription induced by brain-derived neurotrophic factor (BDNF) 

and its selective inhibition through Ca(2+) signals evoked via the N-methyl-D-aspartate (NMDA) receptor. Brain Res. 1366, 18–26 
(2010).

 68. Shah, P., Nankova, B. B., Parab, S. & La Gamma, E. F. Short chain fatty acids induce TH expression via ERK-dependent 
phosphorylation of CREB protein. Brain Res. 1107, 13–23 (2006).

 69. Petrov, V. A. et al. Analysis of gut microbiota in patients with Parkinson’s disease. Bull. Exp. Biol. Med. 162(6), 734–737 (2016).
 70. Pereira, P. A. B. et al. Oral and nasal microbiota in Parkinson’s disease. Parkinsonism Rel. Dis. 38, 61–67 (2017).
 71. Gerhardt, S. & Mohajeri, M. H. Changes of colonic bacterial composition in Parkinson’s disease and other neurodegenerative 

diseases. Nutrients 10(6), 708 (2018).
 72. Minato, T. Progression of Parkinson’s disease is associated with gut dysbiosis: Two-year follow-up study. PLoS One 12(11), e0187307 

(2017).
 73. Perez-Pardo, P. et al. The gut-brain axis in Parkinson’s disease: possibilities for food-based therapies. Eur. J. Pharm. 817, 86–95 

(2017).
 74. Heintz-Buschart, A. et al. The nasal and gut microbiome in Parkinson’s disease and idiopathic rapid eye movement sleep behavior 

disorder. Movement Dis. 33(1), 88–98 (2017).
 75. Sampson, T. R. et al. Gut microbiota regulate motor deficits and neuroinflammation in a model of Parkinson’s disease. Cell 167(6), 

1469–1480 (2016).
 76. Hill-Burns, E. M. et al. Parkinson’s disease and Parkinson’s disease medications have distinct signatures of the gut microbiome. 

Movement Dis. 32(5) (2017).
 77. Sekaran, S. D. et al. Effects of oil palm phenolics on tumor cells in vitro and in vivo. Afr. J. Food Sci. 4(8), 495–502 (2010).
 78. Ji, X., Usman, A., Razalli, N. H., Sambanthamurthi, R. & Gupta, S. V. Oil palm phenolics (OPP) inhibit pancreatic cancer cell 

proliferation via suppression of NF-kB pathway. Anticancer Res. 35, 97–106 (2015).
 79. Sambanthamurthi, R., Tan, Y.A., Fairus, S. & Anishas, C. Novel bioactive compound obtained from oil palm base materials [with 

potent anti-HIV reverse transcriptase activity] WIPO Patent WO 2014/017900 (2008).
 80. Osborne, A. E. et al. Palm Fruit Juice Mitigates AZT Mitochondrial Genotoxicity and Dose- Dependent Cytotoxicity. J. AIDS & Clin. 

Res. 5(12) (2014).
 81. Zandi, S. et al. Role of oil palm phenolics in angiogenesis and inflammation. ARVO Annual Meeting abstract, Invest. Opthal. Vis. 

Sci., June 2013 (2013).
 82. Patten, G. S., Abeywardena, M. Y., Sundram, K., Tan, Y. A. & Sambanthamurthi, R. Effect of oil palm phenolics on gastrointestinal 

transit, contractility and motility in the rat. J Funct. Foods 17, 928–937 (2015).
 83. Sambanthamurthi, R., et al. Oil palm phenolics composition for the protection of humans, organs, cells and tissues against the 

injurious effects of exposure to ionizing radiation. U.S. Patent No. 2019/0022041 (USA) Pub. Date: 1/24/19 (2019).
 84. Idris, C. A. C. et al. Oil palm phenolics and vitamin E reduce atherosclerosis in rabbits. J. Funct Foods. 7, 541–550 (2014).
 85. Leow, S. S., Luu, A., Shrestha, S., Hayes, K. C. & Sambanthamurthi, R. Drosophila larvae fed palm fruit juice (PFJ) delay pupation 

via expression regulation of hormetic stress response genes linked to ageing and longevity. Exp. Geront. 106, 198–221 (2018).

Acknowledgements
We would like to acknowledge Dr. Roderick Bronson, D.V.M., from the MIT Histology Core for his excellent and 
helpful input and review of the neuroanatomy and histopathology of our rat brain samples. We would also like 
to acknowledge the helpful didactic sessions with the post-doctoral fellow Cody Siciliano, Ph.D. from the M.I.T. 
Brain and Cognitive Sciences Dept. who painstakingly examined with us the basal ganglia and catecholaminergic 
tracts in our rat brains. We are also greatful for the support and encouragement of our mentors ChoKyun Rha and 
Anthony Sinskey. This research project was funded by the Malaysian Palm Oil Board, Advanced Biotechnology 
and Breeding Centre, Malaysian Palm Oil Board, 6, Persiaran Institusi, Bandar Baru Bangi, 43000 Kajang, 
Selangor, Malaysia.

https://doi.org/10.1038/s41598-019-54461-y
https://doi.org/10.1155/2018/7608038
https://doi.org/10.1038/s41598-018-34763-3


1 6Scientific RepoRtS |         (2019) 9:18625  | https://doi.org/10.1038/s41598-019-54461-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author contributions
R.P.W. and V.V.K. contributed equally to the experimental design, data collection and analysis, and write-up of 
the final manuscript. A.S. performed significant data collection on the rat colony, measurements of animal body 
and organ weights, and write up of discussion on the microbiome. K.S. performed significant statistical analysis 
of the data and preparation of figures and tables. A.A. performed preparation of figures and references for the 
manuscript. K.C.H. performed significant analysis of the experimental data, background physiological analysis 
of the rat colony and interpretation of the diabetic metabolism of the rats. R.S. performed important review, 
editing and revision of the final manuscript. A.J.S. performed significant discussion of experimental design, 
interpretation of results and review and editing of final manuscript. C.R. provided material support, laboratory 
space and equipment and emotional support throughout the project.

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.P.W. or C.R.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-54461-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Palm Fruit Bioactives augment expression of Tyrosine Hydroxylase in the Nile Grass Rat basal ganglia and alter the colonic  ...
	Tyrosine Hydroxylase - A Key Monooxygenase in Catecholamine Biosynthesis. 
	Background
	The Nile grass rat metabolically mirrors diabetes mellitus in humans. 
	Association of Alzheimer’s disease with diabetes mellitus. 
	Palm fruit bioactives are an aqueous extract from the oil palm fruit. 

	Results
	Biochemical and physiological changes in Nile grass rats fed a high CHO diet. 
	Effects of PFB on the NGR rat brain in diabetes-susceptible vs diabetes-resistant rats. 
	Anatomic and Histologic changes seen in the brains of NGR rats by immunohistochemistry. 
	Distribution of tyrosine hydroxylase in serial coronal sections of the rat brain. 
	Quantitative analysis of IHC staining intensity by NIS-BR densitometry. 
	Effects of PFB on NGR gastrointestinal physiology and the microbiome. 

	Discussion
	Main Conclusions
	Materials and Methods
	Animal care, safety, protocols and euthanasia methods. 
	Nile grass rat subgroups and their respective diets. 
	Immunohistochemical staining method. 
	Microscopy. 
	Image analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Tertiary structure of Tyrosine Hydroxylase using UCSF Chimera 1.
	Figure 2 Mammalian catecholamine biosynthetic pathway from Phenylalanine.
	Figure 3 Some signature bioactive organic compounds present in PFB.
	Figure 4 Coronal brain sections stained for TH by IHC.
	Figure 5 Coronal brain sections through Striatum and Substantia nigra compacta stained for TH by IHC.
	Figure 6 Additional coronal brain sections from 15 NGR stained for TH by IHC.
	Figure 7 Quantification of TH staining in the Striatum by Nikon NIS-elements imaging software based on the density of pixels in image.
	Figure 8 Quantification of staining intensity for tyrosine hydroxylase in the striatum by Nikon NIS-elements software showed a substantial increase in the level of TH in the striatum of the NGR receiving PFB supplementation.
	Figure 9 Cecal weights of NGR as percentage of total body weight.
	Table 1 Biologic Effects associated with Palm Fruit Bioactives (a.
	Table 2 Physiologic parameters for 39 male NGR [separated at 3 wks old] fed a semi-purified high carbohydrate diet (60:20:20) with or without 10% PFB for 8 weeks, then subdivided into resistant or susceptible to diabetes based on a random blood glucose (R
	Table 3 Semi-quantitative comparisons of CNS proteins by IHC staining.
	Table 4 TH staining of the striatum in the brain by IHC was performed on these 21 NGR rats which were fed semipurified hiCHO diets (60:20:20) with or without 10% PFB for 8 weeks, which were subdivided into diabetes-susceptible or diabetes-resistant rats b
	Table 5 Mean TH throughout the basal ganglia by IHC staining on 20 male Nile Rats (3 weeks old) fed semipurified hiCHO diets (60:20:20) with or without 10% PFB for 8 weeks or fed CHOW diets without PFB until the development of severe diabetes.




